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STATE AND PROSPECTS OF REHABILITATION AND MODERNIZATION
OF LAND RECLAMATION SYSTEMS IN MODERN CONDITIONS
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Abstract. Although Ukraine has a modern, scientifically sound, properly enshrined at the legislative
and executive levels of the state policy on land reclamation development, the main goal of which is to create
an efficient irrigation and drainage sector managed with the participation of water users as the basis for
transforming Ukraine into one of the world leaders in food production and export in the context of climate
change, the main task of this policy, namely, increasing the area of irrigation and water regulation, is
practically not being fulfilled. This is the result of fetishizing the role of the creation of water management
organizations and transferring only working irrigation and drainage systems to the ownership of the
grassroots level of irrigation and drainage infrastructure. As a result, and due to the lack of a mechanism
and sources of VAT payment for the infrastructure transferred to the ownership of the WUCs, the latter are
unable to ensure the registration of ownership rights to it and, as a result, to increase the area of irrigation
and water regulation by developing and implementing projects for the reconstruction and modernization of
this infrastructure, even if they have their own funds for their implementation.

In addition to the military aggression of the russian federation, the reasons for the stagnation of the
process of increasing irrigation and water regulation are also the lack of mechanisms for creating water
management companies on non-operational irrigation and drainage systems, financial support through
access to medium- and long-term preferential loans for the implementation of irrigation and water
regulation works on non-operational irrigation and drainage systems by water management companies,
Jailure to implement the “Action Plan...”, first of all, works on inventory, financial, technical and energy
audit of existing irrigation and drainage systems, audit of the use of irrigated and drained lands, feasibility
studies and projects for the involvement of water resources of the Danube River. Danube River, restoration
of the water-regulating and water-storage capacity of Polissya and a number of other tasks without which
the full launch of the process of increasing irrigation and water regulation is impossible.

Keywords: strategy, action plan, long-term plan, irrigation, drainage, water regulation

Relevance. In the early 90s of the last century, the state’s food supply in years with unfavorable
the reclaimed lands of Ukraine occupied almost  weather conditions. At the same time, irrigated
6 million hectares, which was 18,6 % of the total areas amounted to 2,65 million hectares and
arable land, and served as an insurance fund for drained areas to 3,3 million hectares.

© Romashchenko M.L., Yatsiuk M. V., Shatkovskyi A.P., Usatyi S.V., Polishchuk V.V., Saydak R.V., Kolomiets S.S.,
Usata L.G., Sardak A.S., 2025
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In 2017, out of 2,17 million hectares
(including the Autonomous Republic of Crimea)
of irrigated and 3,2 million hectares of drained
land, only 500 thousand hectares (excluding the
Autonomous Republic of Crimea) were actually
watered, and bilateral water regulation was
carried out on an area of less than 250 thousand
hectares. hectares, i.e. less than 25 percent of the
available irrigation areas and less than 10 percent
of the available drainage areas, and reclaimed
lands have lost their ability to serve as the state’s
insurance fund, especially given the significant
deterioration in the natural moisture supply of
soils due to climate change. That is why in 2019,
the Cabinet of Ministers of Ukraine approved the
“Strategy of Irrigation and Drainage in Ukraine
for the period up to 2030” [1, 2], which aims
to increase the actual area of irrigated land to
1,5-1,8 million hectares, to divert excess water
in the spring to more than 3 million hectares
and to regulate water during the growing season
on an area of more than 1 million hectares,
and thus create the preconditions for Ukraine’s
transformation into a globally competitive food
producer in the face of climate change.

Therefore, the purpose of the study is to
comprehensively analyze the current state,
prospects and directions of restoration and
modernization of land reclamation systems in
Ukraine, taking into account climate change and
military aggression of the Russian Federation.

Materials and methods of the study.
Theoretical methods of scientific research
were used: analysis and synthesis, comparison,
classification and generalization.

Analysis of recent research and publications.
Given the relevance of the study, many scientific
works have been devoted to the issue of restoring
irrigation and drainage in Ukraine. In particular,
Zhovtonog O., Dirksen W., Roest K. [1] assessed
the reforms of the irrigation sector in the countries
of Central and Eastern Europe, including Ukraine.
The scientific substantiation and conceptual
foundations for the development of land
irrigation in Ukraine are set forth in the works of
Romashchenko M.I., Kovalenko P.I., Balyuk S.A.
[2, 3]. Romashchenko M.I. and Dekhtyar O.O.
[4] worked out the provisions for reforming the
water sector of Ukraine in the context of further
prospects for the development of irrigation and
drainage. Scientists of the Institute of Irrigated
Agriculture (Granovska L.M., Pilyarska O.O.,
2020) substantiated the legislative regulation of
the restoration and development of irrigation in
Ukraine [5]. At the same time, as the analysis
of scientific publications has shown, scientists
have not fully analyzed the reasons for the actual

stagnation of the process of increasing irrigation
and water regulation in modern conditions.

Research results and their discussion.
Unfortunately, neither the adoption of the
“Strategy of Irrigation and Drainage in Ukraine
for the period up to 2030” [6], the “Action Plan
for its implementation...” [7], nor the Law of
Ukraine “On the Organization of Water Users
and Stimulation of Hydraulic Land Reclamation”
[8], nor a number of decisions of the Cabinet
of Ministers of Ukraine aimed at separating the
functions of formulating and implementing state
policies on water resources management and
land reclamation and water management and
reclamation infrastructure [9—12], have not led to
the emergence and development of the process
of accelerated development and implementation
of investment projects to increase irrigation and
water regulation.

Namely, the task of increasing the area of
actual irrigation by 1.0-1.2 million hectares,
and water regulation by 0.9—1.0 million hectares
by 2020. hectares by 2030 was and remains the
main target function of the current “Strategy of
Irrigation and Drainage in Ukraine for the period
up to 20307, and all other tasks, including the
task of reforming the system of water resources
management and land reclamation, were
considered by the developers of the “Strategy...”,
and all the authors of this article were active,
or rather its main developers, as necessary but
auxiliary components of the main task. In fact, it
was the fulfillment of auxiliary tasks that became
the main content of the work in 2020-2024 of the
Verkhovna Rada, the Cabinet of Ministers, the
central executive bodies of Ukraine (Ministry of
Environment, Ministry of Agrarian Policy, State
Agency of Water Resources, State Agency of
Land Resources), USAID and its contractors. The
main result of these works was the development
and adoption in 2022 of the Law of Ukraine “On
Water Users’ Organizations and Stimulation of
Hydraulic Reclamation” and a number of bylaws
to it [8, 13—16], which initiated the process of
creating a new institution in Ukraine — water
user organizations (WUOs) with the transfer of
on-farm networks with pumping stations and
lower-level canals and pipelines belonging to
inter-farm networks and owned by the state. In
this case, the creation of the WUC was considered
as the main driving force (catalyst) for launching
the process of increasing the area of actual
irrigation and water regulation [8]. In fact, the
process of establishing the WUCs turned into
a procedure for obtaining and registering their
ownership rights to the irrigation and drainage
infrastructure transferred to them. And given that

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2025
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the procedure for transferring infrastructure to
ownership requires the payment of VAT, and the
current owners do not have the funds to pay it, as
0f'01.06.2025, only 4 of the 62 established WUCs
were able to register ownership of the irrigation
and drainage infrastructure transferred to them
[17], and without this, they are unable to develop
and implement projects for its reconstruction and
modernization and, accordingly, increase the area
of irrigation and water regulation.

It would be appropriate to recall that these
complications arose due to the rejection by
the working group on the development of the
aforementioned Law, primarily by representatives
of'the Ukrainian Agrarian Council, of the proposal
of the IP&M to transfer the infrastructure not to
the ownership of the UEC, but to lifetime free
use. It is clear that this option excluded the need
to pay VAT, as well as to perform a variety of
procedures related to the registration of property
rights. The proposal of the [IP&M to grant the
central executive body for the implementation
of the state land reclamation policy the right to
initiate the creation of WUCs by transferring
inoperable on-farm infrastructure to them for
use was also not adopted. It was the creation of
WUC:s on the basis of inoperative but technically
suitable on-farm infrastructure that could have
become an effective tool for significant increase
in irrigation and water management areas
through the development and implementation of
projects for the reconstruction and modernization
of such on-farm networks, but unfortunately, it
did not. WUCs continue to be created only on
operating irrigation and drainage systems, which
can improve their efficiency to some extent, but
in principle cannot ensure a significant increase
in irrigation and water management areas.
Another reason for the stagnation of the process
of increasing irrigation areas in the face of the
“Strategy of Irrigation and Drainage in Ukraine
for the period up to 2030” and the “Action
Plan for its implementation...” approved by the
Cabinet of Ministers of Ukraine was the failure
to fulfill the tasks envisaged by these program
documents, primarily the failure to conduct an
inventory of existing irrigation and drainage
systems, audit the use of reclaimed land as a basis
for determining the list and priority of developing
feasibility studies and investment projects for the
reconstruction and modernization of irrigation and
drainage systems based on networked irrigation
and drainage systems. Measures are also not
being taken to increase water supply for irrigation
and water regulation, which is unacceptable in
the context of the progressive development of the
process of dehydration of the territory of Ukraine

2025 « Ne 1 MEJIHOPAILA I BOOHE 'OCIIOAAPCTBO
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as a result of climate change, because the water
demand for irrigation and water regulation has
increased by at least 30—40 % since the 90s of the
last century and continues to grow [18], while the
volumes of available surface and groundwater,
including for irrigation, are steadily decreasing,
primarily in the regions with the greatest need for
irrigation and water regulation [19].

That is why both the Strategy and the Action
Plan envisaged the development of feasibility
studies and projects for the involvement of the
Danube River water resources to improve water
supply in the southern regions of Ukraine and
restore the water storage and water regulation
capacity of Polissya. After all, without the
implementation of the first project, even with the
existence of the Kakhovka Reservoir, there was
no possibility of a significant increase in irrigation
areas in Odesa, Mykolaiv, Kherson regions and the
Autonomous Republic of Crimea, and without the
implementation of the second, it is impossible to
solve the problem of water regulation in Polissia
by implementing projects to reconstruct and
modernize the existing drainage systems there,
mainly one-way, into drainage-moisturizing or
drainage-irrigation systems, just as it is impossible
to solve the issue of maintaining the volume of
water in the Dnipro reservoirs, which is sufficient
to "The list of unrealized tasks of the “Strategy...”
and the “Action Plan...” can be continued, but
the general conclusion about the actual state of
implementation of work on increasing irrigation
and drainage capacity after the adoption of the
previously mentioned program documents, as
declared by the CM of Ukraine, will remain
extremely disappointing — the growth rates of
irrigation and water regulation areas unfortunately
do not meet the requirements of the time, neither
in view of climate change nor in connection with
the military aggression of the Russian Federation.
This situation is confirmed by the data on actual
irrigation areas from 2014 to 2024 (Fig. 1). The
choice of the period for analysis was based on the
condition of covering the period before the adoption
of the Strategy (2014-2019) and after its adoption
(2020-2024), as well as after the annexation of the
AR of Crimea, so data on irrigation areas in the AR
of Crimea and in the partially occupied Donetsk
and Luhansk regions were not taken into account
in the analysis until 2021 inclusive, and from
2022 only data on irrigation areas in the territories
controlled by Ukraine were analyzed.

As shown in Fig. 1, from 2014 to 2020, the
actual irrigation area increased by 74 thousand
hectares, i.e. only by 15.5 %, and their average
annual growth was about 10.6 thousand hectares,
or 2 % per year.
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Fig. 1. Actual irrigated areas in 2014-2024

At this rate of increase in irrigation areas,
it will take at least 94 years to fulfill the task
of the Strategy... to increase irrigation areas
by 1.0—1.2 million hectares by 2030, which, of
course, cannot be considered acceptable given
the progressive increase in the need for irrigation
due to climate change. Unfortunately, in 2021, for
unknown reasons, the irrigated area not only did

not increase, but, on the contrary, decreased by
26 thousand hectares compared to the previous
2020. Subsequently, this process significantly
accelerated due to the military aggression of the
Russian Federation — from 2022 to 2024, the area
of actual irrigation in the territories controlled
by Ukraine decreased to 131 thousand hectares
(Table 1) according to the State Water Agency.

Table 1. Information on the area of irrigated and drained land as of 01.01.2025 (for 2024)

Code according Irrigated thousand
to the codifier of Total area hectares (actually) Total area

admipistrative—t.errifcorial Region of irrigated including from oflg;a:;?ed

units and territories land, thousand state water ’

of territorial hectares Total distributi thousand
1 istribution hectares
communities points
1 2 3 4 5 6

UA05000000000010236 | Vinnytsia 23,8 2.9 2,9 57,3
UA07000000000024379 | Volynska - — - 416,6
UA12000000000090473 | Dnipropetrovska 198,7 20,1 19,1 -
UA14000000000091971 | Donetsk 82,3 0,11 — 43
UA18000000000041385 | Zhytomyrska - — - 4254
UA21000000000011690 | Transcarpathian 0,9 — - 183,7
UA23000000000064947 | Zaporizhzhya 241,0 - - -
UA26000000000069363 |Ivano-Frankivsk - - - 192,8
UA32000000000030281 | Kyiv 43,9 11,5 11,2 161,4
UA35000000000016081 |Kirovogradskaya 40,7 — — —
UA44000000000018893 | Luhansk 22,8 — - 11,0
UA46000000000026241 |Lviv - — - 5132
UA48000000000039575 | Mykolaivska 190,3 16,5 16,6 -
UA51000000000030770 | Odesa 226,9 40,1 39,4 4.4
UA53000000000028050 | Poltava 50,8 6,6 6,6 372
UAS56000000000066151 |Rivne - — - 390,4
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L
Continuation of Table 1
1 2 3 4 5 6
UAS59000000000057109 | Sumy - — 106,6
UA61000000000060328 | Ternopilska — — — 165.5
UA63000000000041885 | Kharkivska 82,4 1,7 1,2 11,8
UA65000000000030969 | Kherson 427,1 - - -
UA68000000000099709 | Khmelnytska — — - 117.4
UA71000000000010357 | Cherkassy 63,2 32,1 23 55,7
UA73000000000044923 | Chernivtsi — — — 121.,8
UA74000000000025378 | Chernihivska - - — 299.8
TOTAL 1694.8 131,61 120,0 3276,3

Thus, the data of Fig. 1 and Table 1 confirm
the previously stated statement that neither the
adoption of the “Strategy...”, nor the “Action
Plan...”, nor the Law of Ukraine “On Water
Users” Organizations...”, nor the creation
of WUCs themselves caused a significant
acceleration of the process of increasing
irrigation areas (actual irrigation) in 2020-2024.
Moreover, this process did not accelerate even
after the loss of the majority (over 70 %) of
the existing irrigation infrastructure and actual
irrigation areas due to their temporary occupation
by the Russian Federation and the destruction
of the Kakhovka reservoir, which served as a
source of water for a significant part of irrigation
systems in the Ukrainian-controlled territories
of Dnipropetrovs’k, Kherson and Mykolaiv
regions. Namely, the accelerated expansion of
irrigation areas in the territories controlled by
Ukraine and especially water regulation in the
Polissya region could and should have played
the role of compensating for the loss of crop
production due to the military aggression of
the Russian Federation and help minimize the
negative impact of this process on Ukraine’s
export opportunities. Concluding the review of
the current state of development of irrigation and
drainage, it is necessary not only to emphasize,
but to shout out loud that despite the existence of
a huge need to increase the area of irrigation and
water regulation due to a significant deterioration
in the conditions of natural soil moisture supply
and, accordingly, the conditions for growing
crops throughout almost the entire territory of
Ukraine as a result of climate change, as well as
due to the loss of almost 20 % of agricultural land
and more than 70 % of irrigated land and areas
of actual irrigation and due to their temporary
occupation by the Russian Federation, on the
one hand, there is no need to increase the area
of irrigation and drainage, on the other hand, to
increase the number of crops grown in Ukraine.
In these conditions, having only 131 thousand
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hectares of actual irrigation (0.6 % of the arable
land controlled by Ukraine), which is how much
was watered in 2023-2024 in the territories
controlled by Ukraine, and about 200 thousand
hectares of water regulation (the same 0.6 %).
hectares of water regulation (the same 0.6 %,
but already of the available area of drained land)
in the Polissya zone is to actually recognize the
absence of a land reclamation complex in Ukraine
that can influence the sustainability of farming
and increase the volume of crop production in the
context of climate change and military aggression
by Russia. This situation, of course, does not suit
anyone.

That is why in 2025, the Cabinet of Ministers
of Ukraine made another attempt to intensify
the process of increasing irrigation areas by
adopting another program document, namely
the Long-term Plan for the Development of the
Irrigation Complex of Ukraine until 2050 [22]. In
this context, the Long-Term Plan is presented as
one of the components of the reforms developed
to implement the European Union’s Ukraine
Facility initiative, introduced by Regulation (EU)
No. 2024/792 of the European Parliament and of
the Council of 29.02.2024.

It is based on the same basic principles as the
“Strategy...”, namely:

1. Ensuring food security — stable water
supply.

2. Adaptation to climate change.

3. Rational use of water resources.

4. Environmental protection.

5. Economic stability of agriculture.

6. Reducing dependence on food imports,
which enhances food security.

The Long-Term Plan (hereinafter referred
to as the Plan) has also undergone a strategic
environmental assessment in accordance with
the Law of Ukraine “On Strategic Environmental
Assessment”.

Its main goal, similar to the Strategy..., is
to create an efficient irrigation sector, managed
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with the participation of water users, as a basis
for transforming Ukraine into one of the world’s
leaders in food production and exports in the face
of climate change.

According to the Plan’s developers, achieving
this status by the irrigation sector requires
technical and technological modernization
of the engineering infrastructure of existing
and construction of new irrigation systems,
completion of institutional reform of the
sector based on involvement of water users in
infrastructure management, improvement of
existing and development of new legislative
and regulatory support, introduction of the latest
energy-, resource-saving and environmentally
friendly irrigation equipment and technologies,
information systems, and other measures.

The main goal of the Long-Term Plan
is expected to be achieved through the
implementation of strategic objectives, which,
again, are fully in line with those of the
“Strategy...”:

1. Completion of the institutional reform of
the irrigation infrastructure management system
through the creation of organizations of water
users and operators of state-owned irrigation
infrastructure management.

2. Stimulating investments in the restoration,
modernization and development of existing
and construction of new irrigation and water
storage infrastructure through the development
and implementation of appropriate financing
mechanisms from the state and other sources for
clearly defined priority programs and projects.

3. Developing and implementing irrigation
sector management policies in the interests of
viable water user organizations and ensuring
their participation in management on the basis of
public-private partnerships.

4. Capacity development of organizations
that provide scientific substantiation, design,
training in the operation and maintenance of
irrigation systems.

5. Prioritizing environmental protection,
including the preservation and restoration of
soil fertility, achieving and maintaining good
water resources in accordance with river basin
management plans.

6. Creation of geospatial data on the
assessment of prospective irrigation areas,
availability and accessibility of water resources
for irrigation, availability and technical condition
of irrigation infrastructure and other parameters
necessary for irrigation planning and design of
irrigation systems.

7. Formation of a list of priority projects
for the reconstruction, modernization and

construction of new irrigation systems based
on an inventory and assessment of the technical
condition of existing irrigation infrastructure and
water resources available for irrigation.
Summarizing the main provisions of the Long-
Term Plan for the Restoration of the Irrigation
Complex of Ukraine until 2050 [22], we would
like to emphasize not only the coincidence of its
main components with the current “Strategy...”
and “Action Plan for its Implementation”, but
also a number of differences, which, in our
opinion, unreasonably limit the scope of the Plan
to irrigation systems, leaving drainage systems
out of the picture. In our opinion, under the
conditions prevailing in Ukraine as a result of
climate change and Russian military aggression,
the task of accelerated and, preferably, faster
restoration of the water regulating capacity of
drainage systems in the Polissya region should
be a priority at the current stage of development
of the reclamation complex of Ukraine. The
reorientation to the priority of increasing the area
of water regulation in the Polissya zone is due
to the specificity of the impact of climate change
on the conditions of crop cultivation in different
natural and climatic zones of Ukraine, As a result,
the Polissia zone has become the most favorable
for growing crops that were not previously typical
for it, and are also highly profitable and export-
oriented, namely corn, sunflower, soybeans,
winter wheat, barley and rapeseed, a number
of berry (blueberries, raspberries, strawberries)
and vegetable crops. The Polissya zone is most
favorable due to better natural moisture supply
conditions compared to the Steppe and Forest-
Steppe zones (average annual precipitation is
600-700 mm), so maintaining the optimal soil
water regime for the fullest use of the productivity
potential of crop varieties and hybrids grown here
can be ensured by using the smallest amounts
of water for water regulation or irrigation, or
both, and, accordingly, at lower financial costs
for water regulation and/or irrigation. Another
important argument in favor of accelerating work
on increasing the area of water regulation in the
Polissia region by developing and implementing
projects for the reconstruction and modernization
of various types of drainage systems (drainage,
drainage-moistening, polder, water recycling)
into drainage-moistening, drainage-irrigation,
or drainage-moistening-irrigation systems is that
excessive precipitation falling in the autumn-
winter-early spring periods directly on the
water management territories can be used for
water regulation by accumulating it in the soils
of the aeration zone, drainage channels and
special water storage tanks or pools, which are
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arranged in case of insufficient volumes of water
accumulated in the soils of the aeration zone and
drainage channels for water regulation during the
entire growing season. The accelerated expansion
of water regulation areas is also supported by the
much greater potential of drainage systems that
can be reconstructed or modernized compared
to irrigation (3,2 million hectares compared to
0,75-0,77 million hectares of irrigation systems
statistically recorded in the territories controlled
by Ukraine, Table 1).

’In addition to the fact that the area of irrigation
systems that can be used to implement projects
for their reconstruction and modernization is
extremely small in the territories controlled by
Ukraine (Table 1), irrigation can actually be
restored on much smaller areas (1,3 to 1,4 times)
due to the lack of sufficient water for irrigation
on previously planned areas due to increased
water demand as a result of climate change.
Odesa (over 170 thousand hectares), Cherkasy
(about 30,0 thousand hectares), Kirovohrad (over
25 thousand hectares), Poltava (over 20 thousand
hectares), and Kyiv (over 15 thousand hectares)
regions have the greatest potential for restoring
irrigation in the unoccupied territories (Table 1).

In this case, the restoration and development
of irrigation in Odesa region will depend on the
possibility of attracting water resources from the
Danube River. The involvement of the Danube
River water resources in the implementation of
projects to restore existing irrigation systems in
Odesa Oblast to the design irrigation areas, as well
as the design and construction of new irrigation
systems based on the supply of Danube water to
the northwestern and northern districts of Odesa
Oblast, will not only not worsen the water and
environmental situation, but will also contribute
to its significant improvement, especially in
currently waterless areas, including by creating
favorable conditions for the livelihoods of the
population and minimizing the negative impact
of climate change. Implementation of irrigation
restoration projects in other regions controlled
by Ukraine, namely, these irrigation restoration
works should be carried out in the first stage
(2025-2030) of the implementation of the Long-
term Plan for the Development of the Irrigation
Complex of Ukraine, will also require solving the
issue of providing these projects with sufficient
water resources. Therefore, their development
should be preceded by work on developing a
feasibility study for providing projects with water
resources. Given the low natural availability of
own water resources in most regions of potential
irrigation development, the development of
feasibility studies should consider options for
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using not only surface and/or groundwater, but
also wastewater (if available).

But, unfortunately, due to the destruction of
the Kakhovka reservoir and the occupation of
20 % of agricultural land and more than 70 %
of the available potential of irrigation systems
by Russia, as well as the lack of sufficient water
resources for a significant increase in irrigation
areas in the territories controlled by Ukraine
(with the exception of water resources of the
’Danube, the involvement of which is postponed
indefinitely due to the failure to fulfill the task of
developing a feasibility study and a project for
the involvement of water resources of the Danube
River in 2022-2025 as envisaged by the Action
Plan. ’Danube River to improve the water supply
of the southern regions of Ukraine, including
for the needs of irrigation development), it is
impossible to solve the problem of not only
preserving but also increasing the volume of
crop production in the context of climate change
only by restoring irrigation, as provided for in
the Long-term Plan for the Development of the
Irrigation Complex. Therefore, the fulfillment of
the objectives of the “Strategy...” to increase the
area of water regulation in the Polissya region
by developing and implementing projects for
the reconstruction and modernization of existing
drainage systems, as noted above, should not
only complement the work on the restoration of
irrigation, but also become a major component of
the development of the reclamation complex of
Ukraine at the present stage.

First of all, the inventory should determine
a list of drainage and drainage-moisturizing
systems in Chernihiv, Kyiv, Zhytomyr, Rivne,
Volyn, and Ivano-Frankivsk oblasts, for
which projects should be developed for their
reconstruction to supplement/restore their ability
to perform water regulation functions throughout
the growing season. At the first stage (by 2030),
it is necessary to restore the operation of existing
drainage systems in a dual-regulation mode on a
total area of at least 350 thousand hectares. The
restoration and development of drainage systems
will not only make it possible to fully utilize the
favorable conditions created here due to climate
change for growing export-oriented crops
(winter wheat, barley, rapeseed, corn, soybeans,
sunflower, etc.), It will also help improve the
water and environmental situation in the region
by stopping unregulated discharges of excess
water in the spring, thereby creating conditions
to prevent overdrying of soils in summer and
the development of dust storms in areas with
predominantly mineral soils and soil fires in
areas with prevalent peat soils, which were
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previously not typical for this zone. Therefore,
the sooner the implementation of projects to
restore drainage systems by reconstructing them
into dual-regulation or drainage and irrigation
systems, the sooner the preconditions will be
created for the transformation of the Polissia zone
into a zone of guaranteed (sustainable), cost-
effective, and environmentally friendly farming
on drained (drained) lands, while restoring the
water-regulating and water-storage capacity
of this region and returning it to the role of an
accumulator of Ukraine’s water resources.

But the work on developing projects for the
reconstruction and modernization of drainage and
irrigation systems, as envisaged by the “Action
Plan...”, should be preceded by their inventory
and audit of the use of existing irrigated and
drained lands, which should determine the list
and priority of development of projects for the
reconstruction and modernization of irrigation
and drainage systems, as well as the early
development of a feasibility study and a project
for the restoration of water regulation and water
storage capacity of Polissya, the development
of which was not unreasonably delayed during
2022-2025, despite the presence of this task in the
“Action Plan...”. The results of the inventory and
audit should also form the basis for proposals for
the creation of an ACC on the basis of irrigation
or drainage infrastructure that is not currently
used for irrigation or water regulation, but whose
technical condition allows it to be used as a basis
for the restoration of irrigation or water regulation
through the development and implementation of
projects for its reconstruction and modernization.

When implementing the tasks of both the
Strategy... and the Long-Term Plan..., special
attention should be paid to their scientific
substantiation and scientific support. First and
foremost, scientific institutions of the National
Academy of Sciences and the National Academy
of Agrarian Sciences should be involved in their
implementation, which will allow to reach a
qualitatively new technical and technological
level of the state of engineering infrastructure,
to introduce the latest technical solutions and
approaches in the process of managing the
irrigation complex of Ukraine.

Scientific substantiation and support will
primarily be required for measures to implement
the basic principles of the “Strategy...” and
“Long-term plan...”, namely

e determination of the critical role of
irrigation and water regulation in ensuring food
security of the state in the context of climate
change, military aggression of the Russian
Federation and post-war reconstruction;

» formation of principles for managing
irrigation and drainage hydraulic infrastructure
as a single technologically integrated system;

» formulation of principles of water
resources management in land reclamation;

» formation of tariffs for irrigation and water
regulation services;

* development of feasibility studies,
formulation of technical specifications for the
reconstruction and modernization of irrigation
and drainage systems in the part:

— application of the latest methods of
irrigation and water regulation, namely drip
irrigation, including its subsoil type, low-pressure
and  low-intensity  sprinkling,  drainage-
moisturizing and drainage-irrigation systems,
compensatory modes of irrigation and water
regulation, and pulse water supply;

— modernization and reconstruction of
pumping stations based on the use of pumps
with adjustable modes of water supply/discharge,
equipping pumping stations with mainly
automatic water metering devices;

— use of closed-type networks for water
supply/discharge using mainly polymer pipes;

— Implementation of anti-filtration measures
in canals and reservoirs/ponds;

— use of alternative and renewable energy
sources;

— equipping irrigation systems with the
means of preparing and applying ameliorants,
fertilizers, trace elements, pest and weed control
agents together with irrigation water;

A new scientific, technical and technological
level and organizational and legal framework for
managing the irrigation and drainage complex
will make it possible to turn irrigation and water
regulation not only into a highly effective means
of increasing crop productivity in the face of
climate change, but also into an effective factor in
preserving and restoring the fertility of irrigated
and drained soils, creating ecologically balanced
and sustainable agricultural landscapes. In addition,
in the context of climate change, land reclamation
systems are also becoming a crucial component of
creating favorable conditions for the livelihoods of
the rural population and rural development.

Projects for the reconstruction and
modernization of existing irrigation and drainage
systems should be developed based on the results
of their inventory, technical, energy and financial
audits and provide for the restoration of irrigation
or water regulation in areas sufficient to ensure
the transfer of financing for the operation of
the restored irrigation/drainage systems to self-
sufficiency through the introduction of tariffs
for water supply/discharge for irrigation/water
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regulation needs. At the same time, the size of
tariffs should not exceed their economically
acceptable level for agricultural producers.
Regarding the economic efficiency of
implementing measures to restore and develop
both irrigation and drainage systems, numerous
studies by various NAAS institutions [19, 23, 24]
have clearly proven the high efficiency of growing
various crops with a profit of 700 to 1200—1500
USD per hectare. USD per hectare of irrigated
and drained land. Also, studies and calculations
have shown that at this level of profitability
of growing crops under irrigation or water
regulation, it is possible to implement projects
to restore irrigation and drainage systems with a
payback period of no more than 8-10 years.
Conclusions. Despite the existence in Ukraine
of a modemn, scientifically based, properly
enshrined at the legislative and executive levels,
state policy on land reclamation development, the
main purpose of which is to create an effective
irrigation and drainage sector managed with
the participation of water users as the basis for
Ukraine’s transformation into one of the world
leaders in food production and export in the face of
climate change, the main task of this policy, namely
the increase in irrigation and water regulation,
is practically not being fulfilled. This is a result
of the fetishization of the role of the creation of
water management organizations and the transfer
of only working irrigation and drainage systems
to the ownership of the grassroots (the so-called
last mile) of irrigation and drainage infrastructure.
As a result, and due to the lack of a mechanism
and sources of VAT payment for the infrastructure
transferred to, the latter are unable to ensure
the registration of property rights to it and, as a

(3]

result, to increase the area of irrigation and water
management by developing and implementing
projects for the reconstruction and modernization
of this infrastructure, even if they have their own
funds for their implementation.

In addition to the military aggression of the
Russian Federation, the reasons for the stagnation
of the process of increasing irrigation and water
regulation are also the lack of mechanisms for
creating WUCs on non-operational irrigation
and drainage systems, financial support through
access to medium- and long-term soft loans for
WUC:s to restore irrigation and water regulation
on non-operational irrigation and drainage
systems, failure to implement the “Action
Plan...”, first of all, works on inventory, financial,
technical and energy audit of existing irrigation
and drainage systems, audit of the use of irrigated
and drained lands, feasibility studies and projects
for the involvement of water resources of the
Danube River. Danube River, restoration of the
water-regulating and water-storage capacity of
Polissya, and a number of other tasks without
which it is impossible to fully launch the process
of increasing irrigation and water regulation.

It is proposed to intensify this process in
order to preserve Ukraine’s role in solving the
world food problem in the context of climate
change and military aggression of the Russian
Federation by accelerating the development and
implementation of projects for the reconstruction
and modernization of non-working drainage
systems in the Polissya area and irrigation in the
territories controlled by Ukraine and unconditional
and timely implementation of the entire range
of measures provided for by the “Strategy...”,
“Action Plan...” and “Long-term Plan...”.
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Anomauia. Hasenicms 6 Ykpaini cyuacHoi Hayko6o oOIPYHMOBAHOI, HANEHCHUM YUHOM 3AKPINIEHOI Ha
3aKOHO0ABUOMY MA GUKOHABUOMY PIGHAX OEPIUCABHOI NONIMUKU 3 PO3GUMKY MeNiopayii 3emeib, OCHOGHOIO
Memoio AKoi € CIBopeHHs eqheKmu8HO20 CeKMOpPy 3POULEHHS MA OPEHAICY, KEPOBAHO20 3d YYACMIO 8000-
KOpUCmyeayis, AK OCHO8U NnepemeopeHHsa YKpainu na 00HO20 i3 c8imosux aidepié upobHuymea ma
excnopmy npoo08oIbLCMEA 8 YMOBAX 3MIHU KAIMAMY, 20108He 3A0AHHA Yi€i NOTIMUKY, a came Hapouyy8aHHs.
NI0W NOUBY MA B000PERYTIOBAHHSA, NPAKMUYHO He BUKOHYEmbCsl. Lle cmano nacniokom ¢hemuwuzayii poni
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6 HAPOWY8AHHI N0, 3POUEHHS Ma 8000pe2yoeanis npoyecie cmeopenns OBK ma nepedaui im y enac-
HICTb HU30801 TAHKU 3POULYBATLHOL A OPEHANCHOT THOPACTNPYKIMYPU U NPAYIOIOYUX CUCTEM 3POUUEHHS]
ma openadicy . Bnacniook yvbozo, a maxodic uepes giocymuicmo mexanizmy ma odicepen cnaamu I1/]B 3a
ingppacmpyxmypy, wo nepeoacmovca y enracticmo OBK, ocmanni ne @ 3mo3i sabe3neuumu peccmpayiio
npas en1acHocmi Ha Hei i, 1K HACTIOOK, 30IUCHIO8AMU HAPOWYBAHHS NIIOW 3POULEHHS A 8000Pe2yNI08AHHS
WLAXOM PO3POONeHHs ma peanizayii npoekmie 3 peKkoHCmpyKyii ma mooepnizayii yiel ingpacmpyxmypu
HABIMb 34 HAAGHOCMI BAACHUX KOUWIMIE HA IX GUKOHAHHS.

Ipuuunamu cmaenayii npoyecy HapowyyeauHs Niowy NOAUSY MA B000Pe2YII08ANHS, OKPIM BillCbKOBOI
azpecii pg, € maxooic iocymuicmo mexanizmie cmeopenns OBK na nenpayiorouux cucmemax 3pouients ma
OpeHaicy, PiHancosoi niompumxu uepe3 00CHyn 00 cepedHbo — ma 00820CMPOKOBUX NIbEOBUX KPeOUmia
suxonanns OBK pobim 3 @ionoenenns 3pouleHHs ma 6000pe2yNio8aHHs HA HEeNpayloiouux CUcmemax
3pOULeHHS MA OPEHAIHCY, HeBUKOHAHHA nepeddauenux «Ilnanom 3axodis...», 6 nepuly yepey podim 3 ingen-
mapuzayii, QIHAHCO8020, MEXHIUHO2O MA eHePLeMUYHO20 ayOUmy HAAGHUX CUCMeEM 3POuleHHs Mmda
OpeHasicy, ayoumy GUKOPUCANHS 3pOULy8anux ma ocyutysanux zemeinv, TEQ ma npoexkmis 3anyyeHHs
600nux pecypcie p. /[ynail, 6ioH081eHHA 8000pe2yntoiouoi i soooakymyniowuoi 30amuocmi Iloniccs ma
PAOY iHWUX 3a680aHb 63 GUKOHAHHS AKUX NOGHOYIHHUI 3aANYCK NPOYeCy HaApOWyEaHHsa Niow NOIU8y ma
6000pe2YNI0BANHHS HEMOHCIUGUI.

Knrouosi cnosa: cmpameczis, nian 3axo00is, 00620CMpoKosuUll NIAH, 3pOULEHHS, OPEHANHC, B000PE2YI08AHHSL
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Abstract. The article presents the results of studies of spatial and temporal changes in the ecological and
land reclamation status of drainless areas based on the use of high and medium spatial resolution satellite
data. The authors assessed the geomorphological, hydrogeological, soil and land reclamation conditions of
the steppe zone of Ukraine and noted that heterogeneous natural conditions such as relief, geomorphology,
groundwater; soils and rocks of the active water exchange zone contributed to the development of processes
of harmful effects of water and the nature of their manifestation. A large drainless area, the Petrivskyi
depression in the area of the Kakhovka irrigation system, was chosen as the object of study. The processes
of land degradation on the territory of the sub were identified by detecting various manifestations of spectral
and textural changes in soil and vegetation surfaces under the influence of water and wind erosion, and an
unbalanced land use system based on satellite images of various earth surface scanning systems. Changes
were identified and studied by vegetation, soil, and water spectral indices, which made it possible to observe
the flooding of the territory. Observations were carried out in different years and cover a period of more than
40 years: 1985-2015 — the most active flooding of the territory was observed; 2002, 2003 and 2005 — large-
scale winter-spring flooding; 2018-2024 — the absence of a drainage system that is in decline was recorded;
2023, 2024 — the impact of hostilities on the territory of the pad. Based on the results of studies of the spatial
differentiation of soil emissions and their temporal dynamics, the authors have developed a complex indicator
that is a function of three components — the spectral indices NDVI, NDWI and CM. Verification of the studies of
the period 1991-2017 of the averaged values of the spectral indices showed that the closest correlation exists
between NDWI and NDVI and is 0,92. The experimental avea was analyzed for soil fertility in contrast to the
depleted soils of the pudu. It was determined that with the change in humus concentration, the color of the
topsoil changes, which in turn causes changes in the spectral characteristics of the satellite image.

Through long-term observations, the spatial and temporal changes in the ecological and reclamation
state of the drainless area and the probability of loss of the functional resource of the reclamation system
as a whole were studied.

Keywords: drainless territories, drainage system, ecological and reclamation state, satellite data,
spectral indices, spatial and temporal changes

Relevance of the research. The restoration of
irrigation and drainage, which is a key tool for
the development of the agricultural sector of the
economy, is emphasized in the current document
“Strategy of Irrigation and Drainage in Ukraine
for the period up to 2030 [1]. Therefore, first
of all, the issue of overcoming the consequences
of the war over time and restoring the operation
of damaged irrigation and drainage systems that

have not lost their resource is acute. To do this, it
is necessary to study the operation of the systems
in previous years to identify and take into account
design flaws, assess their condition, and provide
recommendations for future reconstruction and
operation.

Without irrigation and drainage in the
risky farming zone of the Steppe zone of
Ukraine, obtaining stable yields and sustainable

© Vlasova O.V., Savchuk D.P., Shevchenko [.A., Shevchenko A.M., Kozitsky O.M., 2025
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development of the agro-industrial complex is
virtually impossible [1]. At the same time, out
of 924 vertical drainage wells and 119 horizontal
drainage pumping stations in the Kherson region,
only about 1-15 % were productively operating
by 2019. Therefore, this issue should be studied.
It is advisable to research and study the operation
of irrigation and drainage systems over a long
time period using modern technologies in
combination with ground observations.

Analysis of previous research and
publications. Worldwide experience shows
that it is advisable to detect and evaluate the
operation of drainage systems using remote
sensing [2—4]. In this case, research should be
aimed at a comprehensive analysis of applied
processes in the spatial localization, classification
or assessment of the actual state of subsurface
drainage systems using remote sensing methods.

To monitor the state of the drainage system,
groundwater levels are wusually monitored
at pumping stations and hydrogeological
observation wells. However, this method helps to
observe the state of the system only pointwise or
linearly. Therefore, studies on the state of drainage
systems should be based on both the analysis of
ground-based hydrogeological observations of
groundwater levels and their comparison with
satellite images [5-9].

Landsat archival satellite images are widely
used worldwide to analyze time series of terrain
and analyze spatial changes in vegetation around
drainage areas [4, 5]. The state of vegetation, as
an indicator of biological productivity, is assessed
by the normalized difference vegetation index
(NDVI) during the peak of the growing season.
This approach to assessing the situation based
on the use of NDVI [10] is performed during the
growing season.

For timely inspection of drainage systems,
the modified normalized water index (MNDWI)
is used, which is a valuable indicator for
monitoring waterlogged lands [11]. The index is
calculated using Landsat satellite data (Landsat
L8 Oli TIRS, Landsat ETM+, Landsat TM).
Remote sensing and GIS technologies are used to
determine the location and delineation of existing
drainage systems [12]. Drainage is localized
using color infrared satellite images. Because the
soil directly above the drainage surface dries out
faster than the surrounding soil, the reflectivity
of the drier soil often shows up in the infrared
spectrum.

Prolonged irrigation on the massifs led to
regional and localized increases in groundwater
levels. The regional rise on the background of
irrigation occurred with an annual rise rate of about

0,8 m/year. Localized manifestations of flooding
are observed at the bottom of the depression, in
the riverbed areas and in the area of sprinklers.
The effectiveness of drainage in difficult natural
and water management conditions on the main
irrigation systems and in a number of settlements
in the south of Ukraine is covered in [13—-16].

The aim of the work is to study the spatial
and temporal changes in the ecological and
reclamation state of a drainless area based on
long-term satellite data observations and to
establish the probability of loss of the functional
resource of the drainage system as a whole.

Research methods and materials. In
conducting research with satellite data, we
used the passive method of remote sensing,
analytical analysis of scientific papers, spectral
and geospatial analysis, system analysis, ground
surveys and experimental studies according to
generally accepted and certified methods.

To resist the harmful effects of water in the
Kherson region, drainage systems of various
types were built on the Kakhovska irrigation
system on an area of 45 thousand hectares. The
irrigated area is characterized by diverse and
complex geomorphological, hydrogeological,
and soil-reclamation conditions [8].

Regarding the characteristics of the study
area, it should be noted that heterogeneity of
natural conditions is a characteristic feature
of the Kherson region, and such components
of the environment as relief, geomorphology,
groundwater, soils and rocks of the active water
exchange zone contribute to the development
of processes of harmful effects of water and
determine the nature of their manifestation.

According to the climate zoning, the territory
belongs to the steppe Atlantic-continental climate
region of the temperate climate zone. The
climate is temperate continental, with insufficient
moisture, short winters and long hot summers.
The climate is formed under the influence of
solar radiation and atmospheric circulation, as
well as local factors of influence: the proximity of
the sea and Lake Syvash. In spring and summer,
the effect of solar radiation is manifested in the
warming of the earth’s surface and the surface
layer of the atmosphere.

The study area belongs to the denudation-
accumulative forest plain of high riverine and
complex terraces with relief forms: drainless
areas, saucers, and beams. Drainless territories
are shallow (up to 3-5, rarely 10—15 m) enclosed
mostly round or oval flat-bottomed areas with an
area of hundreds and thousands of square meters.
Slightly convex flat pits are clearly defined in the
relief. Their diameter is from 0.2 to 3—4 km.
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The territory is represented by meadow-dark
chestnut gley saline-saline soils and meadow
chestnut gley saline-saline soils. The depth of
the groundwater table within the drainless area
depends on the relief and varies from 0,5 m to
15,0 m.

Among the existing drainage-free areas,
the vertical drainage system located within the
Petrivskyi depression, which belongs to large
asymmetric drainage-free areas with active wind
and water erosion, is scientifically noteworthy.
Soil erosion is one of the main indicators in a
comprehensive assessment of the ecological state
of territories. This phenomenon has been studied
in the spatial and temporal dimensions using
modern methods involving satellite data.

The drainage provides flood protection for
the adjacent irrigated area. The catchment area
of the pond is more than 30,000 hectares, and
the vertical drainage area is 3,190 hectares.
The lowest elevation of the bottom of the basin
is 12,5 m, and the highest 25,0-30,0 m. On the
slopes are agricultural fields that were previously

Barciasaany

(1]

irrigated with modern sprinklers. In the northern
part of the pond, the main Kakhovskyi Canal
passes through, which affects the groundwater
regime.

The location map of the study object was
created on the basis of the terrain map available
on the Topographic Map of Ukraine website [17],
Maxar satellite image (Google Earth Pro) dated
07/14/2021, and the drainage system location
scheme (Fig. 1).

Two settlements are located in the central part
of the pud — Petrivka and Pavlivka. The area of
Pavlivka village is more than 500 hectares, and
Petrivka village is 1000 hectares. Their territory
has absolute ground surface elevations of mostly
12-20 meters. In the village of Petrivka, a
vertical drainage system was built on an area of
190 hectares. The drainage wells are located in
the lowest parts of the settlement. The constructed
drainage includes 7 wells (Table 1).

It should be noted that vertical drainages
protect the territory from flooding on an area of
300, 600, 2100 and 600 hectares.

Fig. 1. The collector-drainage system of the Petrivskyi depression
in the area of the Kakhovska irrigation system:

a — terrain map (“Topographic Map of Ukraine” [17]); b — Maxar satellite image (Google Earth Pro
geospatial analysis service) dated 14.07.2021; ¢ — drainage system layout; d — integrated image of the
terrain, satellite image and drainage system layout
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)
1. Hydrogeological parameters of the aquifer in the areas of vertical drainage within the Petrivskyi
depression
Drai Number Water Filtration coeffi- | Filtration coeffi- Mineralization
rainage .. . . Water .
of wells, | permeability, | cient of the upper | cient of the separa- of drainage
area, ha 5 ) return
pcs. m?/day layer, m/day tion layer, m/day water, g/l
300 3 240 0,14 0,0030 0,002 1,1-5,2
2100 9 — — — 1,1-5,2
600 6 300 0,14 0,0004 0,002 2,0-3,0
190 7 — — — — —
600 5 — — — — —
Total
3790 | 30 - - B B -

On an area of 300 hectares, two wells protect
the village of Petrivka and one protects the
village of Pavlivka. Drainage on an area of 600
hectares has a positive impact on flood protection
in Pavlivka village. The main part of the drainage
is built in the central lowest part of the pond. The
drainage area here is 2100 and 600 hectares. The
drainage system includes 14 vertical drainage
wells, an open drainage channel, a drainage
pumping station and a pressure pipeline for
drainage from the pit.

The drainage covers the highest areas of the
pit. The total drainage area is 3790 hectares.
There are 30 vertical wells in the drainage area.
The distance between the wells is generally 1-3
km. The depth of the wells is 34 meters. Some
wells are 20 meters deep.

The Petrivskyi depression is characterized
by a significant saturation of the territory with
irrigation systems. Thus, the territory of the sub
is intensively used in terms of land reclamation.

Research results and their discussion.

31.12.2004 p.

Observations were made in different years and
generally cover a period of more than 40 years.
Thus, during 1985-2015, the most active flooding
of the territory was observed, as evidenced by
Landsat 2—7 satellite images (Fig. 2).

Regarding the period of large-scale flooding
and inundation of the Kherson region in 2005,
it is advisable to provide a NOAA, IR (infrared)
image as of March 1 (Fig. 3).

The climate change observed in recent
decades has caused a sharp increase in average
annual air temperatures in Ukraine, especially in
its steppe regions [19]. According to observations
at the Askania Nova weather station, the current
climatic norm for air temperature (1991-2020)
is 10,79 °C, which is 0,93 °C higher than the
previous climatic norm (1961-1990). A parti-
cularly intense increase in air temperature has
been observed since 2000. While the average
annual temperature averaged 9,79 °C between
1910 and 2000, in the following period its value
increased to 11,2 °C, i.e. by 1,41 °C.

31:12.1995 p.

31.12.2015 p.

Fig. 2. The territory of the floodplain during the period of active flooding according to the images
(Google Earth Pro geospatial analysis service)
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B8

Surface flooding
of ponds

Fig. 3. Territories of the Kherson region affected by flooding and inundation as of March 1, 2005 [18].

The increase in air temperature led to a sharp
increase in potential total evaporation, which,
according to research [20], increases by 9 %
with an increase in temperature by 1 °C. At the
same time, an analysis of long-term precipitation
observations at the Askania Nova weather
station shows that since 1945, their amount has
remained almost constant (Fig. 4). The average
amount of precipitation over the past 77 years
(until 2021) was 401 mm, the previous climatic
precipitation rate (1961-1990) was 399 mm, and
for the period from 1991 to 2020 it increased

to 409 mm. Such an increase in precipitation
is not typical for the entire Kherson region, in
particular, in Kherson, the climatic precipitation
rate decreased by 9 mm.

The highest amount of precipitation is
observed in May-July (an average of 44 mm
per month), and the lowest in December-March
(an average of 28 mm per month). The largest
increase in precipitation over the past 30 years
compared to the previous climatic norm was
recorded in June — by 6.4 mm per month, and the
largest decrease — in December, by 7 mm (Fig. 5).
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Fig. 5. Intra-annual distribution of precipitation at Askania Nova weather station
for different observation periods
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The analysis of climatic factors shows that the
increase in flooding levels in the floodplain during
1985-2015 is not related to climate change, but
is caused by anthropogenic factors, in particular,
the deterioration of the drainage system.

Water and wind erosion of the soil in the bed
was assessed by a complex indicator containing
various spectral indices.

During this period, we used spectral indices
calculated on the basis of Landsat satellite images
as a comprehensive indicator of the state of the
bedrock under water and wind erosion.

The periods with more favorable weather
conditions were studied separately. For this
purpose, the territory of the Petrivskyi depression
was surveyed using satellite data in 1991, 2000,
2007, and 2017. The spectral indices CM (clay
content in soils), NDVI (vegetation index), and
NDWI (moisture index) were calculated based
on Landsat images. The experimental area was
analyzed for the condition of the soils of the
irrigated massif in contrast to the depleted soils
of the pond. For this purpose, the sub-floor
depression was identified and thematic maps
were constructed to record differences in the
composition of fertile (irrigated crops) and
infertile soils (smoothing of the relief, loosening
of soils in the lowlands).

Based on the results of the study of the spatial
differentiation of soil emissions and their temporal
dynamics, a complex indicator was developed,
which is a function of three components: I comp.
= f (NDVI, NDWI, CM).

The degradation processes were identified by
detecting various manifestations of spectral and
textural changes in the soil and vegetation surface,
which are affected by water and wind erosion,
unbalanced land use, etc. It was found that
heterogeneous natural conditions such as relief,
geomorphology, groundwater, soils and rocks
of the active water exchange zone contributed
to the development of processes of harmful
effects of water and determined the nature of
their manifestation. The NDVI vegetation index

calculated from satellite images made it possible
to identify the types of soil degradation that cause
a decrease in the concentration of humus in the
upper biologically active soil layer.

Maps of the territory’s NDVIimages for 1991,
2000, and 2007 are shown in Figure 6.

Based on the images from January 13 to
June 24, 2003 (NOAA) and decadal SPOT VGT
satellite data, a joint graph of the dynamics of
changes in the flooded area of the Petrivskyi
depression and the vegetation index averaged
over the low area was constructed. The period
of the greatest flooding occurred on March
16-18, 2003. The territory of the floodplain
was surveyed using retrospective satellite data
from 1991, 2000, 2006, and 2007, and the most
unfavorable climate impact on hydrothermal
and agricultural conditions was revealed. Based
on the data obtained, the spectral soil indices
10 and SM, as well as additional indices, were
calculated: NDWI — moisture content for certain
subsoil depressions. The dynamics of changes
in the average values of the indices is shown in
Figure 7.

The study proved that as the humus
concentration changes, the color of the topsoil
changes, which in turn causes changes in the
spectral characteristics of the satellite image. If
soil erosion is calculated individually for each
pixel, the NDVI and surface slope gradient can
be used to calculate the degree of soil erosion
per year. Vegetation indices of redness RI and
brightness BI and their correlation with ground
data and spectral indicators of soil erosion can
be used to classify erosion degradation — to
determine the extent of planar erosion.

Another indicator of land degradation is the
reflectivity of the earth’s surface (albedo). If the
albedo increases by 6-14 %, the area with this
type of soil is classified as unstable, by 15-20 %
as a zone with mild degradation, by 21-50 %
as moderate degradation, by 51-75 % as severe
degradation, and by 76-100% as extreme
degradation.

T g 3 R 5 | 8
) f 1
|
- 426 g

“@d L R |

‘> & [ | R
* Qe ' X [ Ses,

~a® L i ¥ 28

NOVI 1991 NOVI 2000 : NOVI 2007 B
90,3125 - 0,0- I -0,95599%979 ‘ -0 L
[ 0,040941957 (35 -0,245074760 | mo0,07394794 iy
[10,152137180 | P ] ]-0,173582238 [10,180210793 (48
[510,299073724 | 1991 P-- [77-0,091090866 2000 p.jz [ 0,341730328 | 2007 p-
1 0.477760331 & _dad i 1 0,057393602 £ _ 3 I 0,558506547 L

Fig. 6. Maps of NDVI spectral index of the Petrovskyi depression according to research conducted
in 1991-2007
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Fig. 7. Diagrams of changes in the averaged values within the Petrivskyi depression according
to the 1991-2007 studies:

a—NDVI; b-10; ¢c—SM;d - NDWI

In further studies conducted in 2017, Landsat
8 image for the month of August was used to
identify the study area and calculate the NDVI,
10, CM indices (Fig. 8). Separately, we calculated
the humidification by NDWI. The experimental
area was analyzed for soil fertility of the irrigated
area in contrast to the depleted soils of the
subsoil. For this purpose, the subsoil depression
was isolated by an isoline (black outline).

The thematic maps show the differences in
the composition of fertile (irrigated crops) and
infertile soils (smoothing of the relief, loosening
of soils in the lowlands).
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After completing the studies of the period
1991-2007 and 2017, the results of the averaged
values of the spectral indices were verified, which
showed that the closest correlation R?>=10,92 exists
between NDWI and NDVI, which is indisputable.
A new stage of research was launched in 2018
with the involvement of CNES/Airbus and Maxar
Technologies imagery. The involved high-resolution
images of the study area are shown in Fig. 9.

The images show a fuzzy blurred image of the
bedding even in the summer and autumn, which
indicates that the drainage system is not working
and is in poor condition.

ﬂ(‘ 24 ): " "-*r"-"f : it
Fig. 8. Maps of the spectral indices of the Petrivskyi depression NDVI, SM, 10 for the period
of research in 2017
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The latest studies of reclaimed land in
drainless areas were conducted in 2023-2024 to
determine the impact of hostilities on the territory
of the depression. For this purpose, Sentinel-2
L2A imagery for 20.06.2023 and 01.01.2024 was
used. No changes were detected (Fig. 10).

The combination of healthy vegetation
channels SWIR1, Red8, Blue of the Sentinel
satellite made it possible to assess the current
state of the Petrivskyi depression. The soil
structure does not appear to be eroded during the
wettest winter period.

Conclusions and further research. It is
advisable to identify soil degradation processes
by identifying various manifestations of spectral
and textural changes in the soil-plant surface,
which are affected by water and wind erosion,
unbalanced land use, etc.

It has been established that heterogeneous
natural conditions such as relief, geomorphology,
groundwater, soils and rocks of the active water

N
i\ 2 =

Fig. 9. High-resolution images of the study area by Maxar Technologies and CNES/Airbus
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exchange zone contributed to the development
of processes of harmful effects of water and
determined the nature of their manifestation.

It is determined that with the change in humus
concentration, the color of the topsoil changes,
which in turn causes changes in the spectral
characteristics of the satellite image.

The study area was analyzed for soil fertility in
contrast to the depleted soils of the piedmont. For
this purpose, the subsoil depression was isolated
(black outline). The thematic maps showed the
difference in the composition of fertile (irrigated
crops) and infertile soils (smoothing of the relief,
loosening of soils in the lowlands).

Further research should be directed at
studying the transformation of the soil cover and
the manifestation of unfavorable soil degradation
processes observed in this area. This is especially
true for changes in the conditions of economic
activity of agricultural enterprises located within
the Petrivskyi depression.

Fig. 10. Thematic maps showing the impact of hostilities on the study area:
a—NDVI, 06/20/2023, Sentinel-2 L2A; b — SWIR1_ Red8 Blue, 01/01/2024 Sentinel-2 L2A
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Anomayia. Y cmammi euxnadeno pezyrbmamu 00CHIONCEHb NPOCMOPOBO-UACOBUX 3MIH eKON020-Meli-
OpamueHo2co cmamy 6escmiunux mepumopitl, AKi IPYHMYIOmMbCs HA UKOPUCIAHNI CYRYIMHUKOBUX OAHUX
BUCOKO20 MA CePeOHbO20 NPOCMOPOBO20 PO3PI3HEHHA. AGMOpuU OYiHUIU 2e0MOPhON02IuHI, 2i0poceonoiuni
ma [pyHmo8o-meniopamusHUMU YMO8U CmMenogoi 30nu Ykpainu ma 3a3Haqunu, wo He0OHOPIOHI NPUpOOHi
YMOBU MAKI K Penbed, 2e0MOPhHON02is, Nio3eMui 600U, IPYHMU MA HOPOOU 30HU AKMUBHO20 600000MIHY,
CRPUAIU PO3BUMKY NPOYeCi WKIONueoi dii 600 ma xapakmepy ix nposasy. 3a 06 ’ekm docniddicenHs 06parHo
senuxy bescmiuny mepumopiro — Ilempiscokuii noo 6 paiioni Kaxoscvkoi spoutysanvroi cucmemu. Ilpoyecu
Odezpadayii 3emens Ha mepumopii nody i0eHmMuUpiKo8AHO WAAXOM BUAGTEHHS PISHOMAHIMHUX NPOSIGIE CheK-
MPAIbHO-MEKCMYPHUX 3MIH [PYHMOB0-POCIUHHUX NOBEPXOHb Ni0 Ji€l0 600HOI ma 6imposoi eposii, He30a-
JIAHCOBAHOI cuCmeMu 3eMAeKOPUCMYBAHHA HA OCHOGI CYNYMHUKOBUX 3HIMKIG DIZHUX CUCMEM CKAH)G8AHHS.
3eMHOI NOBEPXHI. 3MIHU BUBHAYATU | BUBUATUCS 34 BeeMAayiHUMY, IPYHIMOGUMU | GOOHUMU CHEKMPAlb-
HUMU THOEeKcamu, wo 003601Ul0 chocmepizamu 3a niomonienuam mepumopii. Cnocmepedsicens enucs
6 PI3HI pOKU i 8 YLIOMY OXONIMb nepiod y nonao 40 poxis: 1985-2015 pp. — cnocmepicanucs Havax-
mueniwi niomonnenuss mepumopii; 2002, 2003 i 2005 pp. — macumabHi 3UM0B0-8eCHANI 3AMONTEHH S,
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20182024 pp. — 3aghikcosana eiocymmuicmv pobomu OpeHadcHoi cucmemu, sKa 3HAXO0UMvCs Yy 3aHe-
naoi, 2023, 2024 pp. — eniug éedenns 60tosux Oiil Ha mepumopiio nody. 3a pesyribmamamiut 00CAi0NCEHb
npocmoposoi’ oupepenyiayii IpyHmMoux 8UINI8, A MAKONC IX UACOBOI OUHAMIKU A8MOpaMU PO3POOIEHO
KOMIJIEKCHUL NOKA3HUK, AKULL € (DYHKYIEID MPbOX CKAA008UX — cnekmpaivHux inoexcie NDVI, NDWI
ma CM. Bepugbikayia docniosxcens nepiody 1991-2017 pp. ycepeOneHux sHauyeHb CHEKMPAaIbHUX iHOeKcie
noxazana, wo HaubiIbw michuil Kopenayiunutl 36’130k icuye mioie NDWI ma NDVI i cmanosums 0,92.
Jocniony mepumopiio 6y10 npoananizosano woo0o poooHocmi IPYHMIE Ha KOHmpacmi 3i 30i0HeHUMU IPYH-
mamu nody. Busnaueno, wo i3 3MiHoI0 KOHYeHmMpayii 2ymycy 3MIHIOEMbCA 3a0APBIEHHS 6EPXHbO2O UWADY
IPYHMY, WO 8 CEO0I0 Uepey GUKAUKAE 3MIHU 6 CHEKMPATbHUX XAPAKMePUCMUKAX CYRYMHUKOB020 3HIMKA.
lnaxom bazamopiunux cnocmepesicenb GUEUEHO NPOCMOPOBO-UACO8I 3MIHU EKON020-MeNiopamueHo20
cmany be3cmiunoi mepumopii ma UMOGIpHICMb empamu  QYHKYIOHATILHO20 pecypcy MeniopamueHoi
cucmemu 8 Yiiomy.

Knrouosi cnosa: 6escmiuni mepumopii, 0cyury8anbHa cucmema, eKoio20-meriopamueHuti Cmam, CynymHu-
K081 OaHi, CHeKMPAIbHI IHOEKCU, NPOCIOPOBO-YACOBI 3MIHU
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Abstract. The article deals with the issue of assessing the level of flow regulation of the Southern Bug
River Basin within Khmelnytskyi and Vinnytskyi regions. The Southern Bug River Basin is one of the
most regulated river basins in Ukraine, with 17 % of reservoirs and 20 % of ponds of the total number
in Ukraine. Many of them are in extremely poor condition. Overgrowth, siltation, and bank degradation
in many small reservoirs have led to a significant reduction in their volume, an increase in the area of
shallow water, disrupted soil nutrition, and caused intensive development of higher aquatic vegetation.
Studies have shown that water losses to evaporation in the reservoirs of this basin amount to 25,6 % of
their total volume, or 50,2 % of the useful volume. At the ponds, losses are much higher and amount to
66,7 % of their total volume. In general, evaporation losses in the Southern Bug River (up to the border
with Kirovohradskyi region) amount to 17,6 % of its average annual value over the long-term observation
period. A significant increase in evaporation from the water surface has been observed in recent decades,
due to an increase in air temperature during the growing season. While in the very low-water years of the
last century, evaporation losses of the Southern Bug amounted to 38,3 % of the annual runoff; in 2020 they
reached almost 70 %. The greatest increase in evaporation is observed in the summer months, due to an
increase in daily maximum air temperatures and the number of days with average daily air temperatures
above 30 °C. To solve the problem of conservation and efficient use of water resources, it is necessary to
introduce a comprehensive system of organizational and technical measures, including optimization of the
number of reservoirs in river basins, taking into account the level of flow regulation and economic needs;
increasing the volume of functioning reservoirs by clearing their

Keywords: anthropogenic load, evaporation, reservoir, flow regulation, precipitation, river basin, ponds

Relevance of the research. Ukraine belongs
to the countries with insufficient water resources,
which necessitates intensive regulation of surface
runoff. According to the UN economic criterion
for sufficient water supply, there should be at
least 1700 m® of water per person per year, and
in Ukraine, per capita water supply is about
1200 m’[1]. In the southern and eastern regions
of Ukraine, reservoirs are practically the only
source of guaranteed supply of drinking water
for the population, as well as for the needs of
municipal, agricultural, and industrial sectors for
fresh water. Ukraine ranks second in Europe in
terms of the number of reservoirs, after Spain. In
total, there are 1054 reservoirs and 49444 ponds
in the country, with a total area of 2891 km? 2, 3].

Reservoirs are used depending on the economic
specialization of the region, in particular for
runoff regulation and flood control, water
supply, irrigation, fish farming, hydropower,
and recreation. Flow regulation in the basins of
small rivers can reach 70 %, and in the south —
all 100 %, which causes significant irreversible
losses of water resources and environmental
problems caused by deterioration of water
quality, channel deformations, intensification of
eutrophication processes, flooding, etc.
Ukraine’s reservoirs play an important role in
providing water resources, but a significant part
of them is in a very poor condition. Overgrowth,
siltation, and bank degradation in many small
water bodies have led to a significant reduction
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in their volume, an increase in the area of
shallow water, disrupted soil nutrition, and
caused intensive development of higher aquatic
vegetation in warmed and fertile shallow areas.
The increase in nutrient inputs, which are the
source of nutrition for bacteria and aquatic
vegetation, led to the “blooming” of water as a
result of the development of blue-green algae.

Chemical, bacteriological, and biological
pollution is a common occurrence in reservoirs
and ponds, especially those built on small rivers
and without a balance holder. Pollution of water
bodies makes it impossible to use them as sources
of water resources. The technical condition of
hydraulic structures on these reservoirs is also
unsatisfactory, which often makes it impossible
to ensure the necessary flow regulation and
environmental releases and discharges into the
lower reaches. Many of the reservoirs have lost
their economic significance and are only water
intakes for local surface runoff and additional
evaporators of water. Therefore, the problem
of rational use of water resources in Ukraine is
extremely relevant.

Analysis of recent studies and publications.
Extensive scientific research on the problem of
conservation and rational use of water resources
and assessment of the environmental impact of
reservoirs has been conducted in Ukraine since
the construction of the Dnipro reservoirs cascade.
Papers [2-5] provide data on the quantitative
assessment of water bodies in Ukraine within the
main river basins and administrative units, as well
as their main hydromorphological and technical
characteristics. Based on long-term studies, the
State Agency of Ukraine for Water Resources
has developed the Rules for the Operation of
Reservoirs of the Dnipro and Dniester Cascades
to ensure effective flow regulation. For other
water bodies, the territorial bodies of the State
Agency of Ukraine for Water Resources have
determined the procedure for establishing their
operating regimes [6].

A large number of studies have been devoted
to assessing the negative impact of artificial
reservoirs on the ecological state of the natural
environment, including flooding of territories,
changes in the hydrological regime of rivers,
activation of channel processes, changes
in biodiversity and fish fauna, etc. [7-9].
A considerable amount of research is devoted to
the deterioration of water quality, hydrochemical
and hydrobiological regimes, eutrophication of
water bodies, especially algal blooms [10, 11],
as well as water balance studies, in particular,
on runoff losses due to evaporation [12-15].
These studies point to the need to implement a
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comprehensive system of measures to improve
the ecological status of water bodies and conserve
and rationally use water resources, including
improving flow control schemes by quantitatively
optimizing ponds and reservoirs and reducing
evaporation and filtration losses.

The aim of the study is to assess the level
of runoff regulation of Ukrainian rivers and to
substantiate promising measures to preserve
water availability.

Research methods. The research was
carried out on the basis of generally accepted
methods of synthesis and analysis of long-term
hydrometeorological observation data published
in the materials of the State Water Cadastre and
the Climate Cadastre of Ukraine, as well as
literature on this issue.

Research results and their discussion. The
Southern Bug River basin is one of the most
heavily regulated river basins in Ukraine. It is
home to 17 % of reservoirs and 20 % of ponds
out of the total number of reservoirs in Ukraine.
Table 1 shows the average annual evaporation
from the surface of water bodies and its value as
a percentage of the water volume in ponds and
reservoirs for the Southern Bug section up to
the border of Vinnytsia and Kirovohrad oblasts.
In the calculations, the evaporation value of 650
mm was assumed, according to the corresponding
map of the Climate Atlas of Ukraine. The analysis
of the table shows that evaporation losses at the
reservoirs amount to 25,6 % of their total volume,
or 50,2 % of the useful volume. At ponds, losses
are much higher and amount to 66,7 % of their
total volume. This is due to the much shallower
depths of small reservoirs and, accordingly, much
larger water mirror areas per unit volume.

It should be noted that water losses due to
evaporation from ponds and reservoirs within the
Khmelnytsky section of the basin are higher than
within the Vinnytsia region, due to the shallower
depths of water bodies in Khmelnytsky. In total,
evaporation losses within this section of the
Southern Bug basin amount to 258,25 million
m® on average per year, or 42,8 % of their
total volume. In general, the total evaporation
losses from the basin’s water bodies (ponds
and reservoirs) are 44 % higher than the useful
volume of all reservoirs.

The average annual discharge of the Southern
Bug River according to observations at the
Pidhiria hydrological station located on the border
of Kirovohradskyi and Mykolaivskyi regions is
56,2 m¥/s. In terms of the border of Vinnytskyi
and Kirovohradskyi regionss, it is 46,6 m%/s, and
the average annual volume of the river flow is
1469,58 million m°.
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1. Regulating the flow of the Southern Bug River up to the border with Kirovohradskyi region
Evaporation losses
Region Nuglfber tﬁ:izilv(:; n:;;)llil(l)ﬁlf;ﬁ Evaporation | of total | of useful
reservoirs ha volume volume
full | useful | Million m® % %
Reservoirs
Vinnytska 42 8604 269,0 | 117,0 55,93 20,8 47,8
Khmelnytska 24 5241 82,5 62,2 34,07 41,3 54,8
Total 66 13845 351,5 | 179,2 90,00 25,6 50,2
Rates in
Vinnytska 3401 17614 182,0 114,49 62,9
Khmelnytska 976 8271 70,4 53,76 76,4
Total 4377 25885 2524 168,25 66,7
Total for the Southern Bug basin
(up to the border of Kirovograd region)
| | 39730 | 603,9 | | 25825 | 428 | 1441

Since the average annual volume of evaporation
from the reservoirs of the Southern Bug basin
within Khmelnytskyi and Vinnytskyi regions is
258,25 million m*the loss of river flow due to
evaporation is 17,57 %. The lowest average annual
river discharge at the Pidhiria settlement in the last
century was 25,7 m*/s (1995), which corresponds
to a discharge of 21,31 m?/s at the region’s border,
or a runoff of 673,9 million m?. Accordingly,
evaporation from the reservoirs of the Southern
Bug in the Khmelnytski and Vinnytskyi regions in
the very low-water years of the last century reached
38,32 % of the annual river flow.

As noted above, the evaporation (Table 1) is
calculated based on the average evaporation data
shown on the zoned map of the Climate Atlas
of Ukraine, which was built on the basis of the
Climate Cadastre of Ukraine for 1961-1990
and, accordingly, does not take into account the
climate changes observed in Ukraine in recent
decades. Figure 1 shows the dynamics of the
Southern Bug River flow based on observations
at the Pidhiria hydrological post since 1927,
which shows a sharp decrease in river flow since
2007. In 2020, the river flow was more than
twice as low as the lowest flow recorded during
the above observation period and amounted to
371,32 million m®. Accordingly, evaporation
from the reservoirs of the Southern Bug in the
Khmelnytskyi and Vinnytskyi regions reached
almost 70 % of the river’s annual runoff.

An analysis of the intra-annual distribution of
runoff (Fig. 2) for the periods before 2000 and
2000-2020 shows that the largest decrease in
runoff was recorded during the spring flood and
from July to September. In the first case, this is
due not only to climate change, in particular a
decrease in snow reserves in the basin, but also to

flow regulation, since the volume of spring filling
of reservoirs before the normal headwater level of
reservoir depends on the level of their operation
at the beginning of the flood. Due to climate
change in recent decades, the level of pre-flood
filling of reservoirs has decreased significantly.
The decrease in runoff during the warm season is
due to the maximum increase in daily maximum
air temperatures, which have repeatedly reached
historical highs in recent years.

The annual runoff volume is mainly determined
by the difference between the amount of precipitation
in the basin and evaporation, as well as the irre-
vocable volume of water withdrawals for economic
use. An analysis of precipitation dynamics over a
multi-year period (Fig. 3) shows a slight decrease
in recent years, which cannot significantly affect a
significant reduction in runoff. Accordingly, the sharp
decline in river runoff was mainly due to an increase
in evaporation, as the number of artificial reservoirs
built in recent decades and, accordingly, additional
flow regulation is insignificant.

The main reason for the increase in evaporation
is air temperature. For example, the average annual
air temperature in Kyiv has increased by almost
3 °C in recent decades [S5]. Due to the high level of
urbanization of the territory (heating networks, a large
percentage of paved surfaces, and the level of gas and
smoke emissions), this is much higher than in natural
areas, where the temperature increase within Ukraine
reaches 1-2 °C. In Vinnytsia, the average annual
air temperature (modern climatic norm) increased
by 1,2 °C between 1991 and 2020 compared to
the period 1961-1990 (previous climatic norm)
(Table 2). The highest temperature increase was
observed in January and February, when evaporation
is practically absent, and in the summer months,
when evaporation is highest (Fig. 4).
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Fig. 1. Dynamics of the average annual runoft of
the Southern Bug River — Pidhiria settlement

Fig. 2. Distribution of the average annual runoff
of the Pivdennyi Buh River — Pidhiria settlement
by months for different time intervals
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Fig. 3. Dynamics of precipitation in Kyiv over the

entire observation period

Fig. 4. Intra-annual distribution of air
temperature, Vinnytsia city

2. Air temperature at the Vinnytsia weather station

Period Month
Years 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | Year
1961-1990 5814310280 14,1 |17,1 183 |17,7|134|7,619|-25]| 7,1
1991-2020 -3,81-2711919,1 14,7182 | 20 |194| 14,1 8,124 |-23| 8,3

Fig. 5 shows the dynamics of evaporation
from Kyiv reservoirs. To calculate evaporation,
an  approximate empirical ~method by
A.M. Postnikov was used, based only on the
dependence of evaporation on the sum of monthly
air temperatures during the frost-free period.
The formula was derived from instrumental
measurements of evaporation and air temperature
on the largest reservoirs of the former USSR. The
calculations show a sharp increase in evaporation
since 1997.

Fig. 6a shows a graph of the dependence
of daily evaporation from the water surface on
air temperature, which is based on field data
measured in DGI-300 evaporators [15]. The
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analysis of the graph shows that evaporation
increases proportionally with increasing air
temperature only up to a temperature of 16 °C,
when the increase in evaporation for each
degree of temperature increase ranges from
0 to 0,3 °C (Fig. 6b) With further increase in
temperature (T), the increase in evaporation (P)
increases according to a polygonal dependence
(Fig. 7), approximated by Eq:

P=0.0115T>— 0.0559T + 0.5333 (1)

In the temperature range from 17 to 40 °C, the
evaporation increase varies from 0,3 to 0,9 mm
for each degree of increase in daily temperature
(Table 3).
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Fig. 7. Dependence of evaporation on air temperature

These results show that the evaporation rate is
not proportional to the increase in air temperature,
but increases sharply at its maximum values,
especially when the temperature exceeds 30 °C.
The last two decades have been characterized
not only by an increase in the average annual
temperature, but also by a sharp increase in
average daily temperatures in the summer

months. In these years, most of the historical
temperature maximums were exceeded. Thus,
while in Kyiv from 1971 to 2006 there were an
average of 9 days with temperatures above 30 °C,
from 2007 to 2020 the number of such days per
year increased to an average of 24 (Fig. 9). In
2010, there were 44 days with temperatures
above 30 °C [15].
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3. Dependence of daily evaporation from the water surface on air temperature in Ukraine
£ = 1§57 E g | g5 & 5o 13859
S s mE T8 ) REY | 2 & =57 7
1 0,5 0,0 15 2,3 0,3 28 8,0 0,6
2 0,5 0,0 16 2,6 0,3 29 8,6 0,6
3 0,5 0,0 17 2,9 0,3 30 9,2 0,6
4 0,5 0,0 18 3,3 0,3 31 9,9 0,6
5 0,5 0,0 19 3,6 0,4 32 10,6 0,7
6 0,6 0,1 20 4,0 0,4 33 11,2 0,7
7 0,7 0,1 21 4,4 0,4 34 12,0 0,7
8 0,8 0,1 22 4,9 0,4 35 12,7 0,7
9 1,0 0,1 23 5,3 0,5 36 13,5 0,8
10 1,1 0,2 24 5,8 0,5 37 14,2 0,8
11 1,3 0,2 25 6,3 0,5 38 15,1 0,8
12 1,5 0,2 26 6,9 0,5 39 15,9 0,8
13 1,7 0,2 27 7,4 0,6 40 16,7 0,9
14 2,0 0,3
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Fig. 8. Number of days with average daily temperature above 30° C, Kyiv

The calculations based on the formula for the
dependence of daily evaporation on temperature
showed that in the period from 1991 to 2020, the
average annual evaporation increased by 81 mm
compared to the period 1961-1991, and in July
and August, monthly evaporation increased
by 20 mm.

Conclusions. The increase in the intensity
of evaporation from the water surface in recent
decades has caused a significant decrease in water
resources in Ukraine, which is primarily due to
excessive losses of runoff due to evaporation
from the surface of ponds and reservoirs, a
significant part of which is in poor environmental
condition and has a low level of use efficiency.
Water losses by evaporation from the reservoirs
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of the Southern Bug basin within Khmelnytsky
and Vinnytsia oblasts can reach 70 % of the
total annual runoff in very dry years. To solve
the problem of conservation and efficient use
of water resources, it is necessary to implement
a comprehensive system of organizational and
technical measures, including: optimization
of the number of reservoirs in river basins,
taking into account the level of flow regulation
and economic needs; increasing the volume of
functioning reservoirs by clearing their beds
(taking into account hydrogeological conditions);
elimination of shallow reservoirs or reduction
of the area of their shallow areas; restoration of
water sources; clearing of water sources in their
upper reaches.
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Anomauia. Bucsimneno numanisi w000 OYiHKY pieHs 3ape2ynioganHs cmoky pidok bacetiny I1isdennozo
byay 6 mescax Xmenvnuyvkoi ma Binnuyvkoi obracmeii. bacetin Ilie0ennozo byey € oOnum 3 Hatibiibu
3apezynb08aHux piukosux oacelimie Yipainu, 0e snaxooumwvcs 17 % eodocxosuw i 20 % cmasxie 6i0
ix saeanvHOi Kinvkocmi 6 Yxpaini. 3HauHa iX wacmuna 3HAXOOUMBCA Y 8KPAll HE3A008LIbHOMY CHAHI.
3apocmanna, samynenns, deepadayia bepecie Ha 0A2aMbOX MAIUX B000UMAX NPU3EETU 00 3HAYHO2O
3MEHUWeHH sl IXHbo2o 00°emy, 30inbulents: NAowi MIIKO800b, NOPYWUIU YMOBU CPYHIMOBO20 JiCUBTIEHHS
ma CAPUYUHULU THMEHCUBHUL PO3BUMOK U0l 600HOI pocaunnocmi. Bukonani 0ocnioscenns nokasanu,
WO HA B0OOCXOBUWAX 3A3HAYEHO20 OACEUHY 8mpamu 600U HA BUNAPYBANHA cmaHoeams 25,6 % 6i0 ix
Nn06H020 cymapHo2o 00 ’emy, abo 50,2 % 6i0 xopucuoeo. Ha cmaskax empamu 3uauno euwyi i cmamnog-
aams 66,7 % ixuboeo cymaprozo 00 ’emy. YV yinomy empamu cmoky Iliedennoeo byey na eunapysanus (0o
meorci 3 Kiposoepadcwkoro obnacmio) cmanosname 17,6 % 6i0 11020 cepeOHbOpiuH020 3HAYEHHs 3a baea-
mopiyHull nepioo cnocmepediceivb. 3HauHe 3pOCMANHS BUNAPYBAHHS 3 B0OHOT NOBEPXHI CROCMEPIAEMbCsL
8 OCMAaHHI 0ecAMUIImmsi, ujo 00YMOGIEHO NIOBULEHHAM MEeMNePamypu noGIimpsi y 6ecemayiiiHutl nepioo.
Ao y dysice Mano8OOHT poKU MUHYI020 cmoaimms empamu Ha eunapysanns Ilieoennoeo byzy cmano-
sunu 38,3 % piunozo cmoxy, mo y 2020 poyi eonu caenynu maixce 70 %. Haiibinbuie 3pocmanms eunapy-
BAHHA CnOCmepieacmvbCsl 8 IIMHI MiCAYL, WO 3YMOBIEHO 3POCINAHHAM 00008UX MAKCUMYMIE MeMnepamyp
nosimpsa ma KilbKocmi OHig 3 cepedHbo00bosumu memnepamypamu nogimps nonad 30 °C. Hua eupi-
wienHs1 npodnemu 36epedicerts il egheKmueHo20 GUKOPUCIANHS B0OHUX PECYDCI8 HeobXiOHe BNPOBAONCEHHS
KOMIIIEKCHOI cucmemu Opeani3ayitiHux i mexHiyHux 3ax00i6, wo KIOUAmMb ONMUMI3AYTIO YUCETbHOCMI
60001IM Y bacelinax pivoK 3 6paxXy8aAHHAM PIGHS 3ape2yIO8aHHs CHOKY Md 20CNO0APCbKUX nomped,; 30i1b-
wenHs 00 ’emy QYHKYIOHYIOUUX B000LM 30 PAXYHOK POZUUULEHHS IX 10Jica, NIKSI0AYTio MIIKUX 8000UM, AOO
3MeHUeH S NIOWI IX MITKOBOOHUX OLIAHOK, 8IOHOBIEHHA NPUPOOHUX 0XHCEPEL HCUBTEHHA 8000UM, 3abe3ne-
YeHHsI HOPMATbHUX YMO8 POOOMU Pe2ylio8anibHUX CROPYO Y 8IONOGIOHOCHII 3 NPAGUIAMU IX eKChIyamayii,
a maxodic BNPOBAVINCEHHS CUCTEMU 3AX00i6 U000 NHOKPAWEeHHSl eKON02IUHO20 CIAH)Y 8000LM.

Knrwouoei cnosa: anmponozenne nasanmagicenHs, SUNAPY6anHs, 8000CX08UUje, 3APe2yNI08AHHS CIOKY,
onaou, piukosutl 6aceuH, CMaeKu
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Abstract. The article considers the problem of water loss due to the evaporation from the surface of
ponds and reservoirs under conditions of intense anthropogenic load and climate changes, focusing on
the Ingulets river basin as an example of the one of the most regulated river systems in the steppe zone of
Ukraine. Taking into account the growing shortage of water resources, especially after the explosion of the
Kakhovka HPP, the relevance of studying evaporation from water surfaces of artificial reservoirs in the
southern regions is increasing. Estimating water losses due to the evaporation from the surface of ponds
and reservoirs in the Ingulets River basin is an important aspect of water resources management in the
region. Available data on the areas of artificial water bodies and average evaporation rates were used to
calculate total water losses. Based on a spatial analysis of over 1,200 water bodies in the Inhulets river
basin, including an assessment of the areas and volumes of reservoirs and ponds, a quantitative assessment
of water evaporation from their surface was carried out for 1961-1990 and 1991-2023. The research
methodology is based on the processing of long term meteorological data from local weather stations, as
well as the use of satellite and archival information from available sites. Climatic conditions in the studied
region demonstrate a steady warming trend: over the past 30 years, the average annual temperature in the
Ingulets river basin has increased by an average of 1,3 °C with slight decreases in precipitation over the
studied period. It has been found that under modern conditions, evaporation can exceed the inflow from
atmospheric precipitation, which turns artificial reservoirs into active factors in reducing the water balance
of the Ingulets river basin. In 1991-2023, evaporation rates from the surface of water bodies increased
by 13,7 % (107 mm) for the Znamyanka weather station, by 7,6 % (68 mm) for the Komisarivka weather
station, and by 9,1 % (88 mm) for the Kryvyi Rih weather station. Particular attention is paid to assessing
the water management efficiency of the functioning of such facilities in the context of environmental safety,
hydrological stability, and adaptation to the climate changes. The obtained results are important for the
development of regional water resources management strategies, improvement of methods for calculating
water losses, and ecological and economic optimization of the water fund structure in small and medium-
sized river basins.

Key words: Inhulets river basin, evaporation, climate change, artificial objects, ponds and reservoirs,
water balance, water resources management

Relevance of the research. Excessive
regulation of river flow is one of the main water
problems of Ukraine [p. 3, 1], which causes
additional water losses due to evaporation,
slowing down of water exchange and, as a result,
the deterioration of water quality and degradation
of riverbeds [p. 4, 1]. This is especially true for
the Ingulets river basin, 80 % of the flow of which
is regulated by artificial reservoirs [p. 69, 2].

On the one hand, the reservoirs and ponds of
the Inhulets river contribute to the accumulation

of Dnipro waters [2], which flow through the
Dnipro-Inhulets Canal, providing an important
water management function of technical and
drinking water supply, irrigation, development
of aquaculture, etc. On the other hand, these
artificial reservoirs reduce river flow due to
increased evaporation [2].

Therefore, evaporation is not a clear-cut
problem, but becomes critical in cases where the
volume of water losses approaches the volume
of natural inflow, especially in regions with

© Kovalchuk V.P., Nechai O.M., Balykhina H.A., Voitovych O.P., 2025
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insufficient moisture availability. In the context
of planning and operating water management
systems, it is important to consider not only the
volumes of useful water consumption, but also
losses associated with evaporation [3].

Thus, a detailed study of the spatiotemporal
patterns of evaporation in the Ingulets river
basin, its relationship with climatic parameters
and water use is relevant from both a scientific
and an practical point of view.

Analysis ofrecentresearch and publications.
Evaporation from water surface is a complex
physical process, which depends on the surface
temperature of air and water, wind direction and
speed, depths of water bodies, aquatic vegetation,
etc [4-9]. However, an estimate of evaporation
losses with sufficient accuracy for practice can
be obtained using data from relatively small
evaporators and evaporation basins [10], using
series of meteorological observations [11],
including analogues [12].

Rudakov G.V., Gapich G.V. and Chushkina L.V.
[13] determined the water loss due to evaporation
from the water surface of the regulating basin
on Petrykivka irrigation system (Tsarychanske
MUVG) and proved that in August 2016, water
losses due to evaporation from water surface
exceeded water inflow with precipitation for the
previous two months by more than 2,5 times.
At that time, evaporation losses increased from
389,2 m*? (RB-6) to 803,6 m’ (RB-3), which was
mostly caused by meteorological conditions.
V.M. Korbutyak and D.V. Stefanyshyn [12]
established that for a low-water year of 75 %
water availability for the summer period (duration
92 days), a total of 391 mm, or 4,25 mm/day,
evaporates from the water surface of the
Basivkut reservoir (Rivne city). According to the
V.G. Andreev, G.V. Gapich [ 14], the vast majority
of small rivers in the steppe zone of Ukraine
today do not meet the criteria of a natural water
body, they are cascades of artificial evaporation
ponds, have no hydraulic connection with each
other, and lose water uselessly and irreversibly
[p. 31, 15].

In [16] it is stated that the annual average
volume of the Ingulets runflow at the Kryvyi Rih
measurement point before the Saksagan river
flows into it is approximately 240 million m?®. To
a large extent, this is water from the Dnipro river,
supplied by the Dnipro-Inhulets canal from the
Kremenchuk reservoir. In [16] it is indicated that
approximately half of the river’s flow is spent
on irrigation, evaporation, and filtration. The
minimum ecological flow for the Ingulets river
is recommended by the flushing regulations and
is up to 5,0 m¥/s [17]. Within the Inhulets river
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basin, two regions are distinguished by their
geological structure: the northern part is within
the Ukrainian Crystalline Shield, the southern
part is in the Black Sea Depression [2]. As a
result, groundwater flow in the Inhulets river
basin is insignificant.

Andreev V.G. and Gapich G.V. state that for the
stabilization and restoration of the hydrological
and ecological state of small and medium-sized
rivers of the steppe zone of Ukraine, the following
are relevant [14]: assessment of the compliance
of the existing number of ponds and small
reservoirs in river basins with the requirements
of the Water Code of Ukraine; ecological and
economic justification of the feasibility of further
operation for each individual reservoir and
facility; development of regional programs for
the elimination of ponds and reservoirs that do
not perform their water management functions
and create an ecological hazard to the functioning
of the river ecosystem of the basin; further
improvement of methodological approaches to
assessing the level of ecological safety of water
management facilities in small river basins.

The explosion of the Kakhovka hydroelectric
power station dam on June 6, 2023 led to a large-
scale environmental and humanitarian disaster
in southern Ukraine [18]. There was a need to
provide water to the affected regions [19]. In
response, a large-scale project was implemented.
“Ingulets-Pivdenne reservoir” waterway was
built. It ensured the supply of 400 thousand cubic
meters of water per day to the Southern reservoir,
from where water is supplied to consumers
through a purification system [20]. This became
an additional load on the existing Inhulets river
basin, since before the Kakhovka dam was
blown up, water was supplied to the Pivdenne
reservoir via the Dnipro-Kryvyi Rih canal from
the Kakhovka reservoir.

The aim of the study is to assess water losses
due to evaporation from the surface of ponds
and reservoirs in the Ingulets river basin in the
context of modern climate changes and intensive
anthropogenic load. This study will contribute
to increasing the accuracy of water management
planning, in particular regarding the assessment
of water supply, flow regulation, and optimization
of the operation of artificial reservoirs in changing
climatic conditions.

The object of research. The Ingulets river
belongs to the middle size rivers and is a right
tributary of the Dnipro, flowing through the
Kirovohrad, Dnipropetrovsk, Mykolaiv and
Kherson regions of Ukraine, with a length of
approximately 549 km and a basin area of 14,870
km? (Fig. 1) [2].



WATER RESOURCES

B

B weather stations:

1. Bashtanska,

2. Dolynska,
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4. Loskharivka,
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Fig. 1. Research object, Ingulets river basin

The Ingulets river basin contains a significant
number of reservoirs and ponds and they play
an important role in water supply, irrigation,
and recreation. There are more than 1200 water
bodies (ponds and reservoirs) in its basin [15,
21-25] (Table 1), which perform important water
management functions, including ensuring the
economic and drinking water supply of the cities
of Kryvyi Rih and Zhovti Vody, receiving return
waters of mining enterprises of Kryvyi Rih and
supporting the Ingulets irrigation system [26,
27]. The river’s regulation coefficient is 81 %,
which indicates a significant impact of ponds
and reservoirs on the hydrological regime of the
river [27].

The climatic conditions of the Ingulets river
basin are formed under the influence of a complex
set of both general and local climate-forming
factors [2]: solar radiation, air circulation, and the

1. Reservoirs and ponds in the Inhulets river basin

influence of the Earth surface. Precipitation for the
entire basin is mainly associated with the activity
of cyclones, to a lesser extent with the processes
of intramass convection. During the year, about
450 mm of precipitation is recorded in the Ingulets
river basin. The largest amount of precipitation
is in June, the smallest is in February — March
and September — October. Between periods of
precipitation in the warm part of the year, long
periods of drought are often observed.

There are several important reservoirs in the
Ingulets river basin, such as Oleksandriyske
(Voynivske), Iskrivske, and Karachunivske. Due
to the water shortage in the Ingulets river basin,
additional water is being supplied through the
Dnipro-Ingulets canal along the riverbed to refill
them for the local needs.

To calculate evaporation from the water
surface [15, 21-25], the area of water bodies

Kirovohrad region Dnipropetrovsk region Mykolaiv region Kherson region

N 3 e >'; 3 e N 3 >':, 3 en

il g | EE| €y | g | EE|Eu| 9| EE|E4| 9| EF

E2| E<| 25| 8| = | 25| §2| 85| 2| §&| &= | 2=

S5 gE | & °E | 2 °E | 2 S E
reservoirs

17 [2646,0] 818 | 4 [63300[3888| - | - | - | - | - | -
ponds

502 [4443,0] 51,3 | 594 [2787,0] 39,9 | 22 [2340] 2.6 | 94 [546,7| 88
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in the Inhulets river basin and their volumes in
the Kirovohrad, Dnipropetrovsk, Mykolaiv, and
Kherson regions of Ukraine were determined
(Table 1).

There are 1212 ponds in the Ingulets river basin
(Table 1), which is 98 % of the total number of
artificial water bodies; the area of the water surface
in reservoirs is 8976 hectares (55 %), in ponds —
7230,0 hectares (45 %); the volume of water in
the largest reservoirs — 573,2 million m* (86 %), in
the ponds — 91,2 million m? (14 %). Evaporation
from the surface of these reservoirs leads to water
resources losses, which requires analysis.

Materials and research methods. According
to the recommendations of the WMO (World
Meteorological Organization) [28] and the IPCC
(Intergovernmental Panel on Climate Change)
[29], the current climate changes trends are
assessed based on at least a 30-year period of
continuous meteorological observations [30].
Typically, the base period for comparison is the
period 1961-1990, which is considered as the
climatic norm [30]. However, as new data sets
accumulate annually, leading international expert
groups for climate change assessments use other
reference periods — 1981-2010 and 1991-2020
[30], since these periods also covered by the
satellite data, along with the results of ground-
based measurements at weather stations.

The used sources of meteorological data for
the studied area of the Inhulets river basin are
the archival data of meteorological observations
[31] and the archives of the international Spanish
meteorological site Globalclimatemonitor [32]
from 1961 to 2023 period, and interpolated
data according to the location of meteorological
stations in the Inhulets river basin (Bashtanka,
Velyka Oleksandrivka, Dolynska, Znamyanka,
Komisarivka, Kryvyi Rih, Loskharivka) (Fig. 1).

In general, mathematical models used to
calculate evaporation from water surface can be
divided into aerodynamic models, energy balance
models, water balance models, complex models,
radiation-temperature ~ models,  temperature
models, and models based on empirical formulae
[33]. The Dalton’s model is the predecessor of the
mass transfer equation for estimating evaporation
in open water bodies [33]. It is one of the most
widely used model for calculating evaporation
from a free water surface [33]. Observations of
evaporation from water surface in Ukraine have
significantly decreased compared to the 1950s —
1960s (36 observation points are equipped with
DGI-3000 evaporators (previously there were 59),
and 7 with evaporation basins (previously there
were 14)) [4, 10]. Therefore, focusing on data
from weather stations with existing evaporation
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basins or DGI-3000 evaporators, it is possible to
obtain significant errors compared to using data
on relative air humidity at weather stations in the
Ingulets river basin. To quickly determine the
water temperature for the Kakhovka reservoir,
a graphical and analytical dependency on the
average monthly air temperature was obtained
[34]. It has been found [10] that the main factor in
the current increase in evaporation is the increase
in water temperature, which is accompanied by
a significant increase in the partial pressure of
saturated water vapor.

M.M. Ivanov found, O.R. Konstantinov
developed and recommended [5] to use the
connections of evaporation with the average
monthly temperature and relative humidity of
the air, as the most convenient for practical
use, when determining evaporation from water
surface, which do not require the introduction of
additional corrections. Penman [7-9] proposed
an equation for determining evaporation from
water surface using the temperature at a height
of 2 m.

So, evaporation from the surface of water
bodies for specific months, seasons, and years
is calculated using empirical formulae or graphs
based on meteorological data (temperature and
relative humidity, wind speed). Based on the
above-mentioned, the evaporation rates from the
surface of water bodies were determined using
the formula refined by A.I. Shereshevsky [4]:

E=0,37n(ey—ey) (1+0,14 V,50) (1)

where E is the evaporation (mm) per month;

eo — ex00 1S the average monthly value of the
difference between the elasticity of saturated
water vapor (partial pressure of saturated water
vapor) (mBar) and the elasticity (partial pressure
of water vapor) of water vapor in the air (mBar)
at a height of 200 cm;

V200 1s the average monthly wind speed (m/s)
at a height of 200 cm;

n is the number of days in a month.

The pressure of saturated water vapor
is determined by the formula obtained by
generalizing the tables of its dependence on
temperature (Fig. 2, formula 2):

e,=0,0436¢° + 1,2442¢* + 43,523+ 613,53, Pa, (2)

where t is the air temperature, °C.

At a height of 2 m (200 cm), the partial
pressure of water vapor is found by formula 3,
using the data on relative humidity [35].

0

€00 = ﬁ (3)

where o is the relative air humidity, %;
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Elasticity of water vapor e0, Pa

R2 =0,9997

28
t,°C

Fig. 2. Dependence of the elasticity of saturated vapor on air temperature (t, °C; e,, Pa)

Relative air humidity and average monthly
wind speed for the studied period are taken from
the reference data [35], air temperature values
are taken from meteorological archives [31, 32]
for each of the weather stations of the Hydromet
network located in the Inhulets river basin.

Research results.

Climate change in the Ingulets river basin.
To characterize the climatic conditions in the
Inhulets river basin over the past 63 years,
data from 7 weather stations of the Ukrainian
Hydrometeorological Center network were
used:  Bashtanka, Velyka  Oleksandrivka,
Dolynska, Znamenka, Komisarivka, Kryvyi Rih,
Loskharivka.

The average annual air temperature in the
Ingulets River basin in 1961-1990 was stable
(average 8.6 °C), with minor fluctuations (Fig. 3).
Data for the period of 1991-2023 confirm a sharp
trend towards an increase in the average annual
temperature to 9.9 °C, which is 1.3 °C more than
the previous 1961-1990 period. This trend is
especially noticeable after 2010. There are also
significant increases in average monthly multi-
year temperatures throughout the year — from 0.7
(April-May) to 2.0 (August) and 2.2 °C (January)
(Fig. 4).

The average annual precipitation in the Ingulets
river basin in 1961-1990 was 483.2 mm, and in
19912023 it decreased by almost 10 mm
(473.1 mm). The distribution of precipitation during
the year changed by season becoming more uneven.

Temperature changes and uneven precipitation
have a very negative impact on the water regime
of the Ingulets river and require further study and
monitoring to promote the adaptation of this river
to climate changes.

Calculation of evaporation from the surface
of water bodies in the Ingulets river basin.
To substantiate the elements of the balance
model [36] when implementing integrated
water resources management according to the
basin principle, an important element is the
determination of water loss for total evaporation
from the surface of water bodies (ponds and
reservoirs) in the Ingulets river basin.

To calculate evaporation from the surface
of water bodies, detailed data on the areas of
ponds and reservoirs are required (the authors
have summarized these data in Table 2) as well
as the local monthly climatic indicators of the
region according to weather stations (Bashtanka,
Velyka Oleksandrivka, Dolynska, Znamyanka,
Komisarivka, Kryvyi Rih, Loskharivka).
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Fig. 3. Average annual dynamics of precipitation and temperature in the Ingulets river basin
for the period 1961-2023
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Fig. 4. Average monthly dynamics of precipitation and temperature in the Ingulets River basin for
the following periods: 1961-1990 (norm), and 1991-2023
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2. Calculation of evaporation from the surface of reservoirs with a volume of more than 10 million m* and
some smaller ones within the Ingulets River basin with a water surface area of more than 100 hectares

Evaporation, Volume of Evaporation,
mm reservoir thousand m?
Location of the
. . Area of "
Name of reservoir, | reservoir (settlement, S| g . £ =) —
. . . & | B a | reservoir, - X 3 o
river (basin) region), weather R = =& > 2o
. g TIEQ ha g 2 & n 2q
station S| B3~ : 25| 2= 5 —
vil. Iskrivka,
Iskrivske, Ingulets | Kirovohradregion 1o, 1 9550 | 11100 | 407 | 31,0 | 93351 [10300.8
river (Znamyanka,
Komisarivska)
. Kryvyi Rih,
Karach k
Aracitiivsie, | Dnipropetrovsk 972,0/1060,0| 4480,0 | 308,5 |288.5|43545,6|47488,0
Inhulets river . S
region (Kryvyi Rih)
. Apostolivskyi,
P
vdenne, Dnipropetrovsk 972,0/1060,0| 1130,0 | 573 |26,5|10983,6]11978,0
Bazavluk river . .
region (Kryvyi Rih)
Kresivske, Saksagan | Kryvyi Rih,
river (Inhulets river, | Dnipropetrovsk 972,01 1060,0| 520,0 10,1 7,7 | 50544 | 5512,0
Dnipro river) region (Kryvyi Rih)
Makortivske, vil. Makorty,
Saksagan river Dnipropetrovsk 898,01 966,0 | 1330,0 57,9 53,9 [11943,4112847,8
(Inhulets river) region (Komisarivka)
Saksaganske, .
Saksagan river ?‘szvjli??h) 972,0/1060,0| 70,0 26 2.1 | 6804 | 742,0
(Inhulets river) Y
120,0
Khrystoforivske , vil. Khrystoforivka, (area of 4 desion | No
Bokovenka river Dnipropetrovsk 972,01 1060,0| water (1.5 actﬁal) data 602,64 | 657,2
(Inhulets river) region (Kryvyi Rih) surface ’
62,0)
Oleksandriyske Oleksandria,
. . . about No
(Voynivske) Kirovohrad region 783,01 890,0 6,3 1566,0 | 1780,0
. 200,0 data
Ingulets river (Znameyanka)
. vil. Dykivka,
Dykivsk
YRIVSRE Kirovohrad region  |783,0| 890,0 | 194,0 3,58 | 3,24 | 15190 | 17266
(Inhulets river)
(Znamyanka)
Svitlopilsky vil. Svitlopil
Beshka river Kirovohrad region 783,01 890,0 188.,0 3,80 2,80 | 1472,0 | 1673,2
(Inhulets river) (Znamyanka)
Ivanivske vil. Ivanivka
Beshka river Kirovohrad region 783,01 890,0 125,0 3,20 3,20 | 978,8 | 1112,5
(Ingulets river) (Znamyanka)
Pogrebnyakivske vil. Verblyuzhka
Verblyuzhka river | Kirovohrad region  |783,0| 890,0 188,0 8,00 7,24 | 1472,0 | 1673,2
(Ingulets river) (Znameyanka)
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Fig. 5. Estimated evaporation for 1961-2023 period for the ice-free period (March—November)
and average values for each of the two periods (1961-1990 and 1991-2023)
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Before the Kakhovka HPP dam was blown up,
the Pivdenne and Zelenodolsk reservoirs were
supplied with water from the Dnipro-Kryvyi Rih
canal. After the Kakhovka HPP was blown up,
an additional load was placed on the Inhulets
river, associated with ensuring water use and
evaporation from the surface of the Pivdenne
reservoir, where water is supplied via a pipeline
from Inhulets.

It was found that the closest to the reservoirs
indicated in Table 2 are the weather stations
Znamyanka, Komisarivka and Kryvyi Rih
(Fig. 1). For these weather stations, based on
monthly weather data for the ice-free period
(March-November), evaporation was calculated
for 1961-1990 and 1991-2023 periods using the
above-described methodology.

For each periods of 1961-1990 and
1991-2023 average values of the evaporation rate
from the surface of water bodies were calculated
(Fig. 5).

As calculations show (Table 2, Fig. 5), in
1991-2023, evaporation rates from the surface
of water bodies increased by 13,7 % (107 mm)
for the Znamyanka weather station, by 7,6 %
(68 mm) for the Komisarivka weather station,
and by 9,1 % (88 mm) for the Kryvyi Rih weather
station.

Approximate estimates of the volume of
evaporation from the surface of reservoirs in the
Ingulets river basin were obtained by multiplying

the area by the average long-term rate of
evaporation from the surface of these reservoirs.
Calculations of evaporation for reservoirs with
a volume of more than 10 million m* and some
smaller ones within the Ingulets river basin are
given in Table 2.

It was determined that in 1991-2023 period
the average evaporation from the surface
of reservoirs in the Ingulets river basin was
approximately 97,5 million m?®/year, which is
9,35 % higher than the norm (1961-1990).

According to rough estimates, evaporation
from the water surface of ponds in the Ingulets
river basin may be 70,2 million m?Yyear,
according to the area of their water surface given
in Table 1 (7230 ha) and the average evaporation
value for 1991-2023 (Fig. 5 — 972 mm), which
is equivalent to evaporation from reservoirs. At
the same time, the water volume of the ponds is
102,6 m?, which is almost 5 times less than the
volume of the reservoirs.

Discussion of the results. Analysis of the
average annual dynamics of precipitation and
temperature in the Ingulets River basin for the
period of 1961-2023 shows that there is a constant
increase in temperature indicators (Fig. 3).
The linear trend of temperature increase has an
insufficiently high coefficient of determination
(R*=0,41<0.5). This indicates that there is a
nonlinear trend of temperature increase over the
past 63 years (Fig. 6).
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Fig. 6. Nonlinear trend of increase in average annual temperature in the Ingulets river basin
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The difference between the average
annual temperature values for 1961-1990 and
1991-2023 periods for weather stations in the
Ingulets river basin (Fig. 7) indicates that the
temperature increased by an average of 1,3 °C. In
the southern part of the basin, this change is bigger,
in the northern part — smaller (Fig. 1, Fig. 7).

Characterizing the dynamics of precipitation,
it can be stated that the graphical analysis does
not allow us to identify any long-term trend
(R?*=0.001). The average long-term precipitation
in the Ingulets river basin for 1961-2023 period
remains at a stable level. The difference between
the average annual precipitation values for
1961-1990 and 1991-2023 periods for each of
the weather stations in the Ingulets River basin
(Fig. 8) shows different trends in change. For
example, the amount of precipitation at the
Bashtanka weather station decreased by 19 mm.
At the Komisarivka and Loskharivka in the

@

northeastern part of the basin (Fig. 1) it increased
by 8,5 mm (Fig. 8).

Trends in precipitation changes throughout
the year (Fig. 4) show a decrease in their amount
in the summer and an increase in the fall. In
winter and spring, no clear trend of change is
observed.

The obtained results of studies on the
amount of evaporation from the surface of
water bodies in the Ingulets river basin for
the modern period are consistent with the
normative multi-year values (Fig. 9) published
on the portal “Nature of Ukraine” [37],
which presents an evaporation map based
on the climatic norm of 1961-1990 period.
Comparison of the data obtained by the authors
with cartographic norms (Table 3) showed
minor deviations (up to 10 %), which confirms
the correctness of the methodology and the
reliability of the obtained results.

At, °C

1,7

1,4 +—

B

1,3
12 +—

L1 +—

1,0

Bashtanska Velyka

Oleksandrivka

Dolynska Znamianka

Komisarivka Kryvyi Rih Loskharivka

average

Fig. 7. Difference between average annual temperature values for 1961-1990 and 1991-2023
periods for weather stations of the Ingulets River basin

Ar, mm

10,0

0,0

Bashtanska Velyka Znamianka

Oleksandrivka

Dolynska

Komisarivka Kryvyi Rih Loskharivka

average

Fig. 8. Difference between average annual precipitation values for 1961-1990 and 1991-2023
periods for weather stations of the Ingulets river basin
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Average long-term calculated evaporation rate from the surface of small

from 350 to 400 from 500 to 550 WM from 650to 700 MMM  from 800 to 850

from400t0 450 | from 550 t0 600 W from 70010 750 MMM from 850 to 900

from450t0500 0 from600to 650 WM from 75010800 MEEEN  from 900 to 950
I  more than 950

= Borders of areas with different evaporation regimes

Fig. 9. Map of normative long-term values of evaporation from the surface of water bodies [37]

3. Comparison of evaporation standards for 1961-1990 period for reservoirs within the Ingulets river
basin obtained from maps and calculated by the authors

Location of the i Evaporation | Evaporation
Name of reservoir, river (basin) Ocaton Ol the FESCIVOITS rate (Fig. 9), | rate (1961-1990 | Difference
(settlement, region) mm period), mm
Iskrivske, Ingulets river (Dnipro | vil. Iskrivka, Kirovohrad region N
river) (Znamyanka, Komisarivska) 750-800 84l +10..2%
Karachunivske, Inhulets river Kryvyi Rih, Dnipropetrovsk region o
(Dnipro river) (Kryvyi Rih) 900-950 972 +8...2%
Pivdenne*, Bazavluk river Apostolivskyi, Dnipropetrovsk region o
(Dnipro river) (Kryvyi Ri) 7930 72 2%
Kresivske, Saksagan river Kryvyi Rih, Dnipropetrovsk region o
(Inhulets river, Dnipro river) (Kryvyi Rih) 900-950 72 8..2%
Makortivske, Saksagan river vil. Makorty, Dnipropetrovsk region o
(Inhulets river, Dnipro river) (Komisarivka) 850-900 898 6...0%
Saksaganske, Saksagan river L. L o
(Enhulets river, Dnipro river) Kryvyi Rih (Kryvyi Rih) 900-950 972 +8...2%
Khrystoforivske , Bokovenka river | vil. Khrystoforivka, Dnipro- N
(Inhulets river) [73] petrovsk region (Kryvyi Rih) 900-950 72 8..2%
. . Oleksandria,
ﬁleklseilsli?\l]}gk(%(l}iloggsgg) Kirovohrad region 750-800 783 +4..2%
el p (Znameyanka)
. . vil. Dykivka,
DyleSk? (Inhulets river, Kirovohrad region 750-800 783 +4..2%
Dnipro river)
(Znamyanka)
o . vil. Svitlopil
ﬁﬁg&ﬁg%ﬁagﬁiﬂ) Kirovohrad region 750-800 783 4.2 %
» p (Znamyanka)
Ivanivske, Beshka river vil. lvanivka Kirovohrad region 50
(Ingulets river, Dnipro river) (Znamyanka) 750-800 783 4. 2%
Pogrebnyakivske, Verblyuzhka vil. Verblyuzhka Kirovohrad region o
river (Ingulets river, Dnipro river) | (Znameyanka) 750-800 783 4.2 %

*After the Kakhovka Dam was blown up it is supplied with water from the Ingulets river.
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Water consumption of southern agricultural
crops is increasing and will continue to increase
due to the air temperatures rising [38], which is
accompanied by an increased evaporation from
the water surface of ponds and reservoirs [11] and
is confirmed by trend analysis (Fig. 5). This, in
accordance with global trends [11, 39], will lead
to an increase in the demand for water resources
in the Ingulets river basin.

As the average annual flow of the Ingulets
river is about 0,3 km?, and water losses due to
evaporation can reach up to 0,165 km? per year,
this means that they account for more than 50 %
of the river’s flow.

Taking into account the expected increase
in the load on the surface water resources of
the basin (Fig. 5), it is necessary to implement
scientifically based management solutions [14],
in particular, attracting additional volumes of
water from the Dnipro river through the Dnipro—
Inhulets canal.

According to research results, the evaporation
rate from the surface of the basin’s water bodies
for the period 1991-2023 increased by an
average of 10 % compared to the climatic norm
of 1961-1990 period, which is a consequence
of climate changes. Evaporation from ponds, as
shown above, is proportional to losses from the
surface of reservoirs. This will contribute to the
increase in the deficit of water resources in the
Ingulets river basin and will become a limiting
factor for the development of irrigation. In order
to increase the accumulation of water in existing
artificial reservoirs, it is advisable to clean and
deepen them, and to develop catchment and
coastal areas.

Prospects for further research. The obtained
results have practical significance and can be used
to develop adaptation measures in response to
climate changes, improve methods for assessing
water losses caused by the evaporation, and
develop effective water resource management
strategies in river basins. It is important to take

@

into account modern challenges, in particular,
climate stress — the combined impact of long-
term increases in air temperature, changes in
precipitation patterns, increased frequency and
duration of droughts, as well as anthropogenic
stress — that is, man-made changes in the
hydrological regime through the flow regulation,
water abstraction, pollution, and transformation
of natural ecosystems. Further research should
be aimed at a comprehensive assessment of these
factors to substantiate scenarios for sustainable
water use under climate changes.

Conclusions. The results of the research
show that the climatic conditions in the studied
region confirm a steady warming trend: over the
past 33 years, the average annual temperature
in the Ingulets river basin has increased by
an average of 1,3 °C. At the same time, water
losses due to evaporation from the water
surface of reservoirs and ponds in the Ingulets
river basin are significant and are increasingly
having an impact on the regional water balance.
This is especially relevant in the context of the
growing shortage of water resources associated
with climate changes and infrastructure losses.
The evaporation rate from the surface of ponds
and reservoirs for the period 1991-2023 in the
Ingulets river basin increased by an average
of 10 % compared to the evaporation rate in
1961-1990 period.

The analysis confirms the dominance of
artificial reservoirs (ponds and reservoirs) in the
hydrological regime of the Ingulets river basin,
which causes a change in natural flow (water
losses due to evaporation reach approximately
0.165 km?® per year), the transformation of rivers
into cascades of isolated reservoirs.

The obtained results can be used to develop
programs for climate changes adaptation and
form regional strategies for water resources
management, in particular in emergency
situations similar to the disaster caused by the
destruction of the Kakhovka HPP dam.
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Anomauin: Y cmammi posensioaemucs npobnema empam 600U HA GURAPOBYEANHSI 3 NOBEPXHI CIMAGKIG
i 8000CX08ULY 8 YMOBAX THIMEHCUBHO20 AHMPONO2EHHO20 HABAHMAICEHHS MA KIIMAMUYHUX 3MiH, 30cepe-
ooicyrouucy Ha bacetni piuku [neyneys ax npukiady ooHiel 3 HAUbLbW 3ape2yTb08aHOI PIuK0Boi cucmemu
cmenogoi 30uu Yxpainu. 3 oensdy na 3pocmarouutl deiyum 600HUX pecypcis, 0coOIUB0 nicas niopusy
Kaxoscvkoi I'EC, axmyansHicms 00CniodfceHHs: 8UNAPOBYEAHHS 3 BOOHUX NOBEPXOHL WMYUHUX B000UM
nigdeHHux pezionis spocmae. Oyinka mpam 600U uepe3 UNApO8YB8AHHs 3 NOBEPXHI CIMABKIB | 6000CX08ULY
y bacetini piuku [Heyneys € axcIusUM acnekmom YRpasiiHHsa 600HUMU pecypcamu pe2iony. Bukopucmarno
docmynHi Oani npo NiOWl WMyHHUX G0OHUX 00 €KMie ma cepeoHi HOPMU SUNAPOBYSAHHS Ol pO3pPa-
XYHKY 3aeanvHux émpam 600u. Ha ocrnosi npocmoposoco ananizy nonao 1200 600nux 06 ’exkmig y bacetini
p. Ineyneyw, exarouarouu oyinky niowy ma 00 ’emié 86000CX08uUly i CMABKIB, 30TUCHEHO KIIbKICHY OYIHKY
suUnaposysanua 6oou 3 ix nogepxwi 3a 1961-1990 pp ma 1991-2023 pp. Memooonoeisi 00cniodicenHs IpyH-
Myemvbcsl Ha 0OpodYi bazamopiuHux Memeoporoiunux OaHUX 3 TOKANbHUX MEMeoCmanyil, a maxkoic Ha
BUKOPUCTNAHHI CYNYMHUKOBOT ma apxienol inghopmayii 3 docmynnux caumis. Knimamuuni ymosu 6 pecioni
00CHLOMNHCEHHS OEMOHCIMPYIOMb CIANLY MeHOeHYil0 00 nomenuinus: 3a ocmanui 30 pokie cepedHbopiuHa
memnepamypa 8 bacelini p. Ineyneys 3pocia 6 cepeonvomy na 1,3 °C npu He3HAUHUX 3MEHULEHHAX ONAdig
3a docnidicyeanuil nepiod. Bcmanoeneno, o 8 Cy4acHux ymosax npoyec GUNapo8y8anHs Moice nepesu-
Wyeamu HAOX00JCeHHs 3 amMOochepHux onaois, Wo nepemeopioc WmMyyHi 6000UMU HA AKIMUGHT YUHHUKU
3MeHUeH A 800H020 banancy baceliny piuku Ineyneys. Y 1991-2023 pp Hopmu 6unapog8yeanHs 3 NOGEpXHi
600otim 3pocau Ha 13,7 % (107 mm) Ons memeocmanyii 3nam’sinka, ons memeocmanyii Komicapiexka —
7,6 % (68 mm) ma ons memeocmanyii Kpueuii Pie na 9,1 % (88 mm). Ocobnusa ysaea npudinaemocs oyinyi
600020CN00apchHKol epekmusHoCcmi (PYyHKYIOHY8AHHA MAKUX 00 €KMIE Y KOHMEKCMi eKoN02IuHOl be3nexu,
2ioponoeiunoi cmabinbrocmi ma adanmayii 00 3min kaimanyy. Ompumari pe3yibmamu Marmy adNCIUEe
3HAYEeHHA O PO3POOKU PeiOHANbHUX cmpamezill YNpagniHHA GOOHUMU DPecypcamil, YOOCKOHATEHMHS
Memooié pO3PAXYHKY 8mpam 600U ma eKoN020-eKOHOMIUHOI OnmuMizayii cmpykmypu 800H020 QOHOY
y bacetinax mManux ma cepeoHix piuok.

Knrouosi crosa: baceiin p. Ineyneyv, 6unapo8ysans, 3SMiHa KAIMany, wmyyHi 06 €kmu, cmasKku ma 6000-
cxo8uwya, BOOHUL 6ananc, YNpaeiiHHsL 600HUMU PECyPCamil
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Abstract. A method for identifying the environmental safety of water bodies under conditions of
uncertainty has been developed using systems analysis methods and a multicriteria approach. Improving
the adequacy of identification involves searching for a more suitable criterion and using multiple criteria
that comprehensively describe the goal of identifying the environmental safety level of water bodies and
complement each other. The determination of environmental safety in the context of the requirements of the
Water Code of Ukraine should be structured according to integrated criteria. The proposed identification
method uses techniques for calculating scores of various factors that characterize the components of
specific criteria. The objectivity of the identification process is ensured by using criteria that provide a
sufficiently complete chain of assessment features of threats. The identification procedure is based on
multicriteria evaluation approaches with subsequent aggregation into an integral index that defines the
water body s environmental safety level. During the identification procedure, the values of indicators and
indices of relevant characteristics are mapped to corresponding evaluation scales. The arguments of the
target identification function, which are features of the evaluation factors according to their respective
criteria components, are expressed as dimensionless scores. The identification problem for natural or
artificial objects under uncertainty is solved using systems analysis methods and a multicriteria approach,
and it is reduced to comparing the resulting scores and ranking them by a set of partial or integral criteria
(index). The use of the Analytic Hierarchy Process to justify the contribution of comprehensive components
to assessing the environmental safety level of Ukraine s water bodies is a key element that made it possible
to select the most appropriate assessment methodology.

Keywords: anthropogenic load, water bodies, environmental safety, natural-technogenic geosystems

Relevance of the research. Identifying
the level of environmental safety for natural or
technogenic (artificial) objects under conditions
of uncertainty is addressed through systems
analysis methods using a multicriteria approach.

To identify the environmental safety level of
water bodies (WB), it is necessary to develop
criteria not only in the narrow sense of a “criterion
function” but in a broader sense, as a method for
identifying the environmental safety level.

Cases where a single criterion successfully
reflects the goal of identifying the environmental
safety level are exceptions rather than the rule. A
single criterion only approximately (as any model
does) reflects the assessment objective, and its
adequacy may be insufficient. Enhancing adequacy

involves seeking a more appropriate criterion
(which may not even exist) and applying multiple
criteria that describe the objective of identifying
the environmental safety level of WB from different
perspectives and complement one another.
Analysis of recent research and publications.
To date, the issue of defining the composition and
structure of anthropogenic load factors remains
insufficiently addressed in WB. As noted in
publications [1-3], expert evaluation methods are
commonly used for similar tasks in environmental
engineering, including interval evaluation, the
Analytic Hierarchy Process (AHP), stepwise
matrices, and network diagrams. However,
in our case — where data on the quantitative
characteristics of anthropogenic load factors are
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lacking, and impact assessment for many factors
is poorly formalized due to the absence of prior
research — it is appropriate to combine methods
such as stratification, cause-and-effect diagrams,
the Delphi method, and Saaty’s Analytic Hierarchy
Process [4, 5]. Within existing resource and
financial constraints, these approaches allow for
the development of an effective, comprehensive
method and creation of structured hierarchical trees
depicting the influence of anthropogenic load factors
on WB, as well as the development of information
profiles for watershed and subwatershed areas.

A methodological manual [6] devotes
considerable attention to classifying anthropo-
genic pollution sources. The classification
features include the circumstances of pollution
emergence, the nature of the sources, and their
impact regularity. The resolution of the Cabinet
of Ministers of Ukraine [7] describes the main
types of water pollution and the frequency
of monitoring their indicators. In the article
[8], a systems approach is used to generalize
anthropogenic load factors that may be applied
in developing a systemic classification of sources
and factors of anthropogenic load.

The aim of the researchis to develop amethod
for identifying WB’s environmental safety level
using techniques for calculating point-based
evaluations of various factors characterizing the
individual components of specific criteria.

Materials and research methods. The
objectivity of solving the task of identifying
the environmental safety level of WB is
ensured through the application of criteria that
provide a sufficiently comprehensive chain for
evaluating threat indicators. This means the
requirements must cover all critical aspects
of the evaluation objective while minimizing
their total number. This latter requirement
is satisfied when the criteria are independent
and not interconnected (e.g., it is preferable
not to use identical measured values or values
derived from one another in different criteria
components) [9].

Identifying the environmental safety level
of WB utilizes techniques for calculating point-
based assessments of various factors representing
specific criteria components. A hierarchical
structural-logical scheme of criteria and factors
is shown in Figure 1.

Integral Criterion for
Threat Assessment

Criterion for Assessing
the Source of Threat
Origin

Criterion for Assessing
Threat Impact
Propagation Pathways

Factor for Assessing the
Origin of the Threat
Source

Factor for Assessing the
Origin of the Impact from
the Threat Source

Factor for Assessing the
Scale of Threat
Propagation

Criterion for Assessing
Threat Impact Recipients

Factor for Assessing the
Type of Threat Source

Factor for Assessing the
Environment of Threat
Propagation

Factor for Assessing the
Level of Threat Impact

Factor for Assessing the
Nature of the Origin of
the Threat Source

Factor for Assessing the
Operating Mode of the
Threat Source

Factor for Assessing the
Depth of Threat Impact

Factor for Assessing the
Mobility of the Threat

Factor for Assessing the
Intensity of Threat Impact

Fig. 1. Hierarchical structural and logical diagram of criteria and factors for identifying water bodies’
environmental safety level
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The comprehensive assessment procedure
is based on multicriteria threat evaluation
approaches, which are then aggregated into an
integral index. This approach generally acquires
practical significance only when the multicriteria
task is reduced to a single-criterion one. However,
the advantages of combining multiple criteria into
a super-criterion come with specific difficulties
and drawbacks that must be considered when
applying this method.

The impact of anthropogenic load factors
leads to the pollution of the components of the
geospheres of natural-technological geosystems.
Pollution of natural-technological geosystems
should be understood as a change in the properties
of its geosphere components (chemical, mechanical,
physical, biological, and related informational
properties), which occurs as a result of the action
of anthropogenic load factors that cause the
deterioration of the functions of aquatic ecosystems
concerning living objects of the biosphere (humans,
biological organisms, biocenosis, etc.).

A comparative analysis of existing
classifications of technogenic load and the

E

generalization of experience in this field of applied
ecology allows the formation of the following
classification features of anthropogenic load:

— nature of origin;

— type of origin;

— sphere of distribution;

— scale of distribution;

— type of source;

operating rnode of the source.

By the above approaches, a compilation
of the characteristics of factors, partial and
integral criteria, is carried out (Table 1). Based
on this approach, the generalized additive
and multiplicative objective functions can be
represented as follows:

Jo(e)=3 2 (e). (M)

i=1 Si

n ai
I (e)zHS—Ji(ei), 2)
i=l 9j
where o, and s, are weighting coefficients that can
be determined by expert judgment, for example,
using the AHP procedures.

1. Classification of Criteria and Factors for Identifying the Level of Environmental Safety

of Water Bodies
Criterion for assessing the source of the threat
1. Factor for assessing the origin of the threat source
Military actions | Global climate change| Emergencies | Industrial actiVity| Agricultural activity
2. Factor for assessing the origin of the threat source
Radioactive | Chemical| Electromagnetic| Mechanical|  Acoustic | Vibrational | Thermal
3. Factor for assessing the type of threat source
Unorganized | Organized| Group | Single | Planar | Point
4. Factor for assessing the nature of the origin of the threat source
Chain | Factor-forming Direct | Secondary
Criteria for assessing the ways of spreading the threat impact
1. Factor for assessing the scale of the threat spread
Global Interstate | Regional Includes obj ects of the nature Localized Local
protection fund
2. Factor for assessing the environment of threat spread
Atmospheric air | Groundwater | Surface water| Soil | Seawater
3. Factor for assessing the mode of operation of the threat source
Constantly acting| Periodically acting |Episodic acting| One-time | Random
4. Factor for assessing the mobility of the threat
Moving | Slowly moving | Immobile
Criterion for assessing the recipients of the threat impact
1. Factor for assessing the level of threat impact
Landscape |Ecosystem| Floristic | Faunistic | Population |  Species
2. Factor for assessing the depth of threat impact
Irreversible | Partially reversible Reversible
3. Factor for assessing the intensity of threat impact
High | Medium Low
Integral threat assessment criterion
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J. consists of a set

Each partial criterion J,
of factors f;. To obtain expert assessments of
the relevant impacts of threats, experts fill out
questionnaires in which they assign appropriate
scores to the characteristics of factors e, the
values of which can be recorded in an evaluation
scale or a scale corresponding to the MAI
evaluation scale [10, 11]. The evaluation scale
lies between ordinal and interval types. The
processing of evaluation scores is carried out
as follows: if there is confidence that all experts
use a single evaluation scale (understand the
“evaluation value” in the same way), as is the
case, for example, in the presence of exceptional
standards, then the evaluation scale approaches
the interval scale, and the evaluation scores are
processed as quantitative (and the evaluation
scale itself has a large number of gradations).

Research results and their discussion. The
analysis method of hierarchies (developed by the
American mathematician Thomas Saaty in the
early 1990s) is a method of systematic analytical
research and solving multicriteria problems,
which can be systematically hierarchically
structured through step-by-step decomposition.
The essence of which, as set out with the
adaptation of the publication [12], is as follows:

1. Determination of the goal (focus) of the
problem.

2. System analysis and structuring of the
problem in a hierarchical model (goal, criteria,
factors, characteristic indicators, alternative
solutions).

3. A database of factors, conditions, charac-
teristics, indicators, and alternatives is formed
through expert-analytical systems research.

2. Scale of evaluations of relative importance

4. Formulate a block of questions for
comparing elements of all levels of the hierarchy
and identifying hierarchical relationships of
subordination and dependence, surveying
experts, and filling in matrices of pairwise
comparisons of aspects of each level by a group
of experts, which includes a system analyst.

5. Determination of eigenvectors of pairwise
comparison matrices and their normalization.
Assessment of the consistency of expert
judgments based on the Consistency Ratio (CR).
Verification of the consistency of comparison
matrices. If necessary, clarification of experts’
opinions should be provided through repeated
analysis.

6. Determination of each hierarchy element’s
local and global priorities (weight coefficients).

Pairwise comparisons are made to determine
the relative importance of elements. These
comparisons are then expressed in integers on
the Saati scale (Table 2). The same method and
one evaluation scale should be given to unify the
experts’ responses. Experts fill in the matrices
of pairwise comparisons of polygons for the
corresponding criteria factors (Fig. 1).

When conducting pairwise comparisons,
comparing an element with itself gives a unit;
the result of comparing the first element with the
second is the score a,,, the result of comparing
the first element with the third is the score a3, etc.
Thus, each expert, independently of the others,
conducts an examination, the results of which are
recorded in a table representing the structure of
the pairwise comparison matrices. At stage (3),
n(n—1)/2 judgments are required to obtain each
matrix [9].

Score Definition Explanation
1 Elements are equally important|Equal contribution of the two aspects to
(priority) achieving the goal
3 Slight advantage of one over the other | Some conditions give a slight advantage to one
over the other
5 Substantial advantage There are strong facts that one is significantly
more important than the other
7 Clear advantage of one over the other | There are undeniable facts about the advantages
of one over the other
9 Extreme advantage The obvious advantage of one over the other is
beyond doubt
Intermediate result of a decision|Applied in a compromise case
2,4,6,8 |between two neighboring consi-
derations
Inverse |If, when comparing one element with another, one of the above numbers is obtained
sizes of | (for example, 3), then when comparing the elements in reverse, we will get the inverse
the above |number (i.e., 1/3)
numbers
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The data of such assessments, obtained
from m experts, are summarized in one general
table or matrix of comparisons (Table 3) by the
corresponding criterion, in each cell of which #j

the number a; , which is equal to the average sum
of the scores of the advantage of the i-th polygon
over the j-th by the corresponding criterion,
obtained from all m experts:

— 1 m

ay m ;auk ? (3)
where k=€{1,2,...,m}, and mis the number of
experts.

For each matrix of comparisons 4, there is a

solution to the equation

A-w=A\

where A, is the maximum eigenvalue.

“)

“W,

max

3. Matrix of pairwise comparisons of the impact
by criteria from the averaged ratings
of all experts

Impact X, X; X,
X, a,=11|.. a; a,
X i a; =1 in
Xy a, i a,, = 1

For each row of the matrix of comparisons
of estimates averaged over “experts”, the
components of the eigenvector are sequentially
calculated concerning the rows of the matrix:

_ — — —\UUn
W1=(a11'a12'a13'---'a1n) )

_ — — —\lU/n
le(azl'azz'an'---'azn) > )

_— — —\ln
le(asl'au'ass'---'ann) )

which are normalized by division by Zwi and
i=1
allow us to determine the weighting factors:
w,
ki =——.

S

i=1 !
After normalization, the resulting vector w
gives the importance or priority coefficients

(6)

(5]

that show the contribution of each element
to achieving the corresponding goal. These
eigenvector components concerning the rows of
the comparison matrix are also used to assess the
consistency of the experts’ assessments.

After all pairwise comparisons are conducted,
the Consistency Index (CI) and the CR are
determined. The CI, which provides information
about violating the numerical and transitive
matrix of comparisons, is an essential element of
this model for determining the weight coefficients
of the compared impact. Therefore, this index
can indicate the “degree of consistency”, i.e., the

errors in_the ratios a; =a; - a,, k=1n, i=Ln,
and j=1,n.
The following formula holds for C/ [159]:
o Ly (7)
n—1

where n is the number of elements to be compared.
For an inversely symmetric matrix, always

M 21 -

- ®)

Next, the CI obtained is compared with
the value resulting from a random selection
of numerical comparisons from the scale 1/9,
1/8, ..., 1,2, ..., 9, forming a reciprocal (inverse
symmetric) matrix.

If the CI is divided by the number correspon-
ding to the average random consistency (R/) of a
matrix of the same order, the result is the CR:

_<r ©)
CR

Table 4 shows the average consistency for
different orders’ random (probability) matrices.

The CR should be on the order of 10 % or
less to be acceptable. In some cases, 20 % can
be assumed, but not more. If the CR exceeds
these limits, experts need to review the problem
from the start and check their reasoning about the
weighting factors.

After checking the CR, proceeding with the
synthesis of priorities is necessary. Priorities
are synthesized starting from the second level
and moving downward. Local priorities are
multiplied by the priority of the corresponding
element at the higher level and summed for
each component according to the importance or
priority coefficients of each element it influences
at every level of the hierarchy [9].

4. Average random consistency values for random inversely symmetric matrices of different orders

Matrix size 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
Average
Random 0,581090|1,12 (1,24 |1,32|1,41{1,45|1,49|1,51|1,48|1,56|1,57|1,59
Consistency
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The  priority vector of the WB
P, ={Pvp1,...,Pvpn}, consisting of components

P, (i =ln, j= 1,_3) , is an integral assessment of

the corresponding i-th WB by the respective j-th
criterion. For example, for the first WB:

Pvpll =k -a,+k,-a,+k;-a;,

P

wl2 =k -a, +ky-a, +k;-ay,

(10)

Pvpln =k -a,+k,-a,+k-a,;.

Based on the calculated priority vector P, ,;,
it is possible to rank the WB according to the
selected evaluation criterion and compile the
priority matrix:

12 0 3 L. L
X1 Pvpll Pvp12 PVp13 PvplL
Si| B B By o By (11)
Xn PVPnl Pvan Pvpn3 Pvan

x
vR| VA=W -

To compare the polygons VP,,..., VP, with
each other based on vector criteria (see Fig. 1 and
Table 1), formulas (3), (5), (6), (10), and (11) are
used to obtain the components of the eigenvector
concerning the rows of the priority matrix:

P

wpil s

*

W =iP

i vpil""'

(12)

These are normalized by dividing by the » W’

i=1
and used to determine the weighting coefficients:

*

W,

n x 9
>
i=1 !

with these, the integral evaluations of the
corresponding i-th WB can be obtained
(formula 1).

Stages (3), (4), and (5) are carried out for all
levels and groups within the hierarchy.

Next, hierarchical synthesis is applied to
weight the eigenvectors by the importance or
priority coefficients of the criteria, and the total
sums are calculated for all relevant weighted
components of the eigenvectors at each lower
level of the hierarchy.

W, = (13)

) % —
Wy P, W3 By +o AW - By

VP11
VPr\vPy =Wy" - P, +W, -P,, +Ws -P, Wy P,
251 Bpyy T2 Pupyy T3 Bpyy T A WL Py (14)
vp — — - —
VB, =Wy Py, +Wy Py  A+W3 By 4 AW By,

The consistency of the entire hierarchy is
found by multiplying each C/ by the priority
or importance coefficient of the respective
criterion and summing the resulting values. The
result is then divided by a similar expression
using the R/, corresponding to each priority-
weighted matrix’s dimensions (Table 3).
Notably, the acceptable CR should be around
10 % or less. Otherwise, the quality of
judgments should be improved by reviewing
the method of formulating pairwise comparison
questions. If this does not help, the task should
be restructured more precisely by grouping
similar elements under more significant criteria.
Returning to stage (2) is necessary, even if only
the uncertain parts of the hierarchy require
revision [9].

Then, based on the initial assumption that
differences in expert responses are explained by

random independent fluctuations around some
“true” values, conventional statistical methods
of point estimation can be applied to process the
evaluation data. Each WB is assigned an average
score:

3 |-

x; = -Z}:xlj, j=L2,..,n. (15)

These evaluations (15) are considered
group assessments. During the comprehensive
evaluation procedure, the values of threat
indicators and indices are projected onto the
corresponding scale values.

The arguments of the target function e,
which represent the factor indicators in the
threat evaluations for the respective criteria
components, are expressed in dimensionless
scores. To evaluate the factors within partial
criteria, three systems of equations are developed:
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1. Criterion for assessing the source of the
threat:

£,(€)=0,29-¢",+0,24-¢',+0,19-¢', +
+0,14-¢€', +0,09-¢'; +0,05-¢',,,
f.(e)=0,2-¢",,+0,18-¢',, +0,16-¢',, +
+0,13-¢',, +0,11-€',, +0,09 €', +

0,07-¢',, +0,04-¢',, +0,02-¢',,,
f5(€)=0,29-¢', +0,24-¢',, +0,19 €', +
+0,14-¢',, +0,09-¢',, +0,05 ¢,
f.(€)=0,4-¢', +0,3-¢,+0,2-¢,+0,1-€,,;

(16)

2. Criterion for determining the pathways of
threat impact distribution:
f(€)=0,29-¢,+0,24-¢%,+0,19-¢°, +
+0,14-¢%, +0,09-¢ . +0,05- &%,
fn(€7)=0,33-¢*,, +0,27-¢°,, +0,2- €, +
+0,13-¢%,, +0,07 ¢,
fn(€)=0,33-€%,+0,27 €, +0,2-¢°,, +
+0,13-¢%, +0,07 €%,

f24(ez) =0,5- 8241 +0,33- e242 +O,l7-e233;

(17

3. Criterion for assessing the recipients of the
impact from the threat source:
f1(€)=0,29-¢', +0,24-¢°, +0,19-¢°, +
+0,14-¢%, +0,09-¢°, +
+0,05-¢°,,,
fu(€)=0,5-¢,,+0,33-¢’, +0,17-¢",,,
fiu(@)=0,5-¢’,+0,33-¢°,, +0,17-¢,;.

(18)

(7]

After evaluating the factors, the values of the
partial criteria are calculated. If an additive target
function is used, the partial criteria are computed
using the following formulas:

1. Criterion for assessing the source of the
threat:

Jl(el)=0’47‘f11(€I)+0,28-f12 (e1)+

(19)
+0,16- 71, () +0.09- £, (¢').

2. Criterion for determining the pathways of
threat impact distribution:

Jy(€)=0,51- £, () +0,26- £, (€’ )+

(20)
+0,14- £, (€7)+0,09- £, (€7),
3. Criterion for assessing the recipients of the
impact from the threat source:

J3(€)=0,67- f,,(e’)+0.2- £, (') +

+0,13- f5(€'),
4. Integral criterion for threat assessment:

J(€)=0,65-J,(¢")+0,23-J,(c*) +
+0,12-J,(¢%).

Thus, with this approach, the task ofidentifying
WB’s environmental safety level is reduced to
comparing the obtained score assessments and
ranking them based on a set of partial or integral
criteria.

According to the theory of the AHP, it is
necessary to form the essential and sufficient
elements at each level of the generalized
factors for analyzing the environmental safety
status of WB (Fig. 2). The hierarchical scheme

(e2y)

(22)

Justification of the contribution of the comprehensive components to assessing the environmental safety level
of Ukraine's water bodies

///7#

e

Wster  protection  oriteria
according to the Water Code of
Ukraine

o

\

K2 — Compliance with
the conditions for
establishing water

protection zones and

K3 — Compliance
with the conditions
for using water
bodiesin

K1 — Compliance
with the conditions
for the use of

K4 — Implementation of
measures to protect
water from pollution,

K7 —Prevention of
harmful effects of
water and accidents
at water bodies, as

K6 — Implementation
of measures to avoid
damage to water

K5 —
Implementation of
measures to
prevent water

water fund lands sanitary protection protected natural clogging and depletion pollution, littering, bodies well as elimination of
(27,81 %) zones areas (9.51 %) and depletion (7.76 %) their consequences
(10,15 %) (27.81 %) (470 %) (27.81 %)
278/ 27.81
12,25
10,15 2
; I - 9.51 777
0
=K1 K2 = K3 K4 = K5 = Ké = K7

Fig. 2. Weighted contribution of each of the complex component criteria K in assessing the level of
ecological safety of water bodies in Ukraine
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titled “Justification of the Contribution of
Comprehensive Assessment Components to the
Level of Environmental Safety of Water Bodies
in Ukraine” was developed based on expert
ecological-analytical evaluation using the AHP
method by T. Saaty [5].

The overall consistency score of the hierarchy
1s 0.02903, which meets the conditions for valid
application of AHP. The generalized weight
coefficients of the contributions of each element
were obtained using computer software that
implements the method.

Determining the environmental safety of WB,
in the context of the requirements of the Water
Code of Ukraine (in particular, Section Four on
water protection), is logically structured using
integrated criteria K1 to K7.

The criteria cover all critical aspects of the
evaluation objective, while striving to minimize
their number: K1 — Compliance with the
conditions for the use of water fund lands; K2 —
Compliance with the conditions for establishing
water protection zones and sanitary protection
zones; K3 — Compliance with the conditions
for using WB in protected natural areas;
K4 — Implementation of measures to prevent
water pollution, littering, and depletion; K5 —
Compliance with conditions for the placement
of enterprises and related requirements; K6 —
Implementation of measures to avoid damage to
WB; K7 — Prevention of harmful effects of water
and accidents at WB, as well as elimination of
their consequences.

Each criterion from K1 to K7 jointly forms
a generalized integral (emergent) contribution
toward achieving the defined goal and reflects
the full range of scientific and applied regulatory
requirements established in the legal framework

of Ukraine. The use of the AHP allows for expert-
analytical determination of the contribution of
each of these elements to the prioritization of the
stated comprehensive objective.

The AHP methodology requires the
formulation of verbal question blocks addressed
to expert analysts for pairwise comparison of
elements at each level. These comparisons
evaluate each criterion’s dominance, priority, and
relative contribution compared to others using
the specific Saaty scale.

The questions are formulated for the level of
elements K1 to K7: “Which criteria K is more
important, essential, or desirable, compared to
each of K1 to K7, in achieving the hierarchical
goal?”. After conducting pairwise comparisons,
the assessment and CI of expert opinions are
determined. These must align with the matrix
dimensions or number of elements being
compared, which are mathematically justified
and experimentally confirmed by T. Saaty [5].
This requirement is one of the fundamental
ideological premises for applying AHP correctly.

The criteria for sources of natural and
anthropogenic formation of the current state
of WB include the following: FIP1 — Impacts
of processes in the abiotic environment of
WB; FIP2 — Impacts of processes in the biotic
environment of WB; FIP3 — Impacts of processes
associated with anthropogenic (technogenic)
pressure of WB (Fig. 3).

For the FIP1-FIP3 criteria level, the questions
are formulated as: “How is the influence of
element FIP more important, more probable,
more significant, etc., compared to each of the
elements FIPI1 to FIP3 as sources of natural
and anthropogenic formation of the state of
WB, within the aspects of compliance with

K2 — Compliance with
the conditions for
establishing water

protection zones and
sanitary protection

zones
(10,15 %)

K3 - Compliance
with the conditions
for using water
bodies in
protected natural
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(27,81 %)
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with the conditions
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water fund lands
(27,81 %)

K4 — Implementation of
measures to protect
water from pollution,

clogging and depletion

{9.51 %)

K5 — K7 — Prevention of

Implementation of K6 — Implementation harmful effects of
measures to of measures to avoid water and accidents

prevent water damage to water at water bodies, as
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and depletion (7.76 %) their consequences
(4.70 %) (27,81 %)
e P
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Fig. 3. Weight contribution of each of the elements of the FIP level in each criterion of the K level

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2025



EKOJIOI'IA

each criterion of the higher level K1 to K77
Which, in turn, as characteristic parameters of
the predicted impact on a WB in the aspects of
each element of the higher level FIP1, ..., FIP3
can be generally described as sources of impact,
taking into account all the necessary elements
with characteristic parameters of the predicted
impact on WB CPI, ..., CP4. The following
are taken as characteristic parameters of the
predicted impact on WB: CP1 — Quantitative
characteristics of the predicted impact; CP2 —
Qualitative characteristics of the expected
impact; CP3 — Conditions for the accumulation
of risks of the impact hazard; CP4 — The
possibility of regulating the safety of the impact
(Fig. 4) [9].

For the CP1-CP4 Ilevel, the evaluation
questions are posed as: “How does the
assessed criterion CP dominate the identified
FIP processes, and to what extent is it more
significant, more probable, more influential, etc.,
in comparison with each of the listed CP1 to CP4
elements?”. The most difficult to systematize
is to substantiate the necessary and sufficient
elements to summarize all the negative impacts
on the environment that should be selected as the
resulting types of consequences of natural and
anthropogenic loading (NAPI, ..., NAP7), which
are already enshrined in regulatory legal acts on
environmental safety, in particular in references
to the Water Code of Ukraine, and have been
studied by scientists before, are being studied
now and will be studied in the future to assess
and minimize such impacts effectively. The
following negative consequences of natural and
anthropogenic loading on WB are defined in the

B

general structural and logical scheme: NAP1 —
Landscape change (dams, canals, reservoirs,
ponds, etc.); NAP2 — Destruction of soil cover
(beams, washouts, mudflows, etc.); NAP3 —
Deformation ofthe Earth’s crust layers (landslides,
sinkholes, etc.); NAP4 — Chemical pollution
of territories and WB; NAPS5 — Violation of the
water regime of territories (drainage, flooding,
waterlogging, desertification); NAP6 — Risk
of increased morbidity among the population;
NAP7 — Loss of biodiversity of territories and
WB (Fig. 5).

For the criteria level NAP1 to NAP7,
evaluation questions are posed as follows: “How
do the identified processes associated with the
evaluated NAP element dominate, and to what
extent are they more significant, more probable,
more impactful, etc., compared to each of the
NAPI to NAP7 elements, in the context of each of
the higher-level criteria CP1 to CP4?”.

The final level of the systematic hierarchical
approach to achieving water safety in terms of
environmental security of the state is divided
into four directions of generalized assessment
components (GC), designated as GC1 to GC4:
GC1 — Justification of the environmental status
of water safety components; GC2 — Justification
of the level of anthropogenic pressure and its
influence on WB; GC3 — Justification of the
composition of typical pollutants in WB; GC4 —
Justification of the level of background pollution
in WB (Fig. 6).

For the lowest level elements GC1 to GC4,
the comparative evaluation questions are
formulated as: “What is the contribution
and priority of each GC element in pairwise

FIP1 - Impacts of processes in the
abiotic environment
(21,08 %)

FIP2 —Impacts of processes in the
biotic environment
(19

FIP3 — Impacts of processes
associated with anthropogenic
(technogenic) pressure

214%) (59.71 %)
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Fig. 4. Weight contribution of each of the elements of the CP level in each of the criteria
of the FIP-level
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characteristics of the predicted
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Fig. 6. Weight contribution of each of the elements of the GC level in each criterion of the NAP level

comparison with the other GCI to GC4 elements,
in evaluating the influence of each of the
previously defined criteria NAPI to NAP7, which
describe the negative consequences of natural and
anthropogenic pressure on the state’s WB?”. The
objectivity of solving the task of identifying the
environmental safety level of WB is conditioned
by the requirements of the Water Code of Ukraine
on water protection and by the adequacy of the
criteria in covering the whole chain of evaluation

factors and their characteristics [9].

“true” values.

In the developed structural and logical model
shown in Figure 7, pairwise comparisons are
conducted regarding the dominance of one
element over another. These comparisons are
then expressed in integers according to the
Saaty scale (Table 2). Standard statistical point
estimation methods can be applied to process
the evaluation data based on the assumption that
differences in expert responses are caused by
random, independent fluctuations around specific
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Fig. 7. Hierarchical structural and logical scheme for identifying the level of ecological safety
of water bodies

During the identification procedure, the
values of indicators and indices of the respective
characteristics are projected onto corresponding
scales. The arguments of the identification
objective function e,, which represent the features
of evaluation factors according to the relevant
components of the criteria, are expressed as
dimensionless score values.

Thus, the task of identifying WB’s
environmental safety level is reduced to
comparing the obtained score-based assessments
and ranking them according to a set of partial or
integral criteria (index).

The definition of a set of environmental
protection measures without analyzing the
rationality of economic use of the catchment
area of watercourses based on the assessment
of the impact of negative factors that accelerate
degradation processes, and positive factors that
may lead to stabilization and improvement of
the ecological status of river basins is costly
and inefficient. Selecting the most effective and
economically feasible environmental protection
measures is necessary to reduce the intensity of
degradation processes in small river basins. The
water-protection effectiveness of these measures
is evaluated based on: the level of protection
from dissolved and sorbed agrochemicals;
the duration and rate of manifestation of the
protective effect; their universality and the
number of additional effects (e.g., increased
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agricultural productivity, additional yields due to
increased moisture reserves, prevention of water
erosion, gully formation, and bank abrasion,
reclamation of low-productivity lands, reduction
of reservoir siltation, increase in base river flow,
and improvement of meadow-forest landscapes
and microclimate conditions); and the economic
costs of implementing each environmental
protection measure [13].

It is important to note that researchers
studying the protection of water resources during
armed conflicts have emphasized that, despite
international legal norms for protecting WB
during armed conflicts, such norms have failed
to safeguard this critically important resource
[13] adequately. As demonstrated by the war
in Ukraine and other military conflicts [14],
international legal norms for protecting WB
under such conditions are neither functional nor
practical.

Conclusions. A method for identifying the
level of ecological safety of WB under conditions
of uncertainty has been developed, which is
solved by methods of system analysis using
a multicriteria approach. With this approach,
identifying WB’s environmental safety level
is reduced to comparing the obtained score
estimates and ranking them by a set of partial or
integral criteria (index).

Using the hierarchy analysis method to
substantiate the contribution of complex
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components in assessing the ecological safety
of WB in Ukraine is a key element that allowed
the best solution to be chosen for applying
the assessment methodology. First of all, it is
based on the terms: “usefulness”, “limitations”,
“opportunities” and “risks”, which are first
assessed separately as components of the
requirements of the Water Code of Ukraine, and

then, through a comparative assessment, are
combined on a single scale and synthesized into
an analytical solution, where each element has its
priority and weight, and in general — combines
a single holistic approach to achieve a specific
result, namely the ecological safety of WB —
where the first of the management measures is a
substantiated scientific assessment.
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Anomauia. Po3pobneno memoo ioenmugixayii pieHs ekono2iunoi be3nexku 600HUX 00 €KmMis 8 yMOBax HeauU-
3HaueHocni, Wo po38’A3)EMbCs MEMOOamMu CUCIEMHO20 AHANIZY 3 BUKOPUCTIAHHAM ba2amoKpumepidns-
HO20 nioxody. Bupiwenns sadaui niosuujeHHs adekeamuocmi ioenmugikayii nonsieae He milbKu 6 HOULYKY
aoexsamuiulo2o Kpumepiio, aie i y 6UKOPUCMAaHHI 0eKiibKoX Kpumepiig, uo Onucyoms pizHOCMOpPOHHbO
Memy i0enmughikayii pieHs ekon02iuHol be3nexku 600HUX 00 €KMie | 00NOBHIOIOMb 00UH 00H020. Busnauenms
eKono2iuHoi be3nexu 600HUX 00 'ekmis 6 acnekmax eumoe Boornoeo Kooexcy Ykpainu doyinvno cmpyxmypy-
samu 3a KOMnAeKCHUMU Kpumepiamu. Memoo ioenmugixayii pieHa exonoeiunoi 6esnexu 800HUX 00 €kmis
BUKOPUCTNOBYE NPUTIOMU O00YUCTEHHs DATbHUX OYIHOK DI3HUX (aKmMOpis, Wo Xapaxmepusyloms OKpemi
CK1a008i KoHKpemHux kpumepiis. Q6 ekmusHicms supiwieHus 3a0ayi i0eHmuixayii pieHa exono2iuHoi
Oe3nexu B0OHUX 00’ckmie 0bYMOBIIOEMbCs 3a0e3neueHHIM KpUmepisamu 00CmMamHub0 NOGHO20 IAHYI02d
OYIHIOBaHHA O3HAK 3aepo3. TIpoyedypa nposedenns ioenmugikayii 6azyemves Ha nioxodax bazamoxkpu-
mepianvHOi OYiHKU 3 NOOANLULOIO 320PMKOIO 1T 00 IHMe2ZpanbHO20 THOEKCY, AKUll 6y0e GU3HAYaAmu pises
eKono2iuHoi besnexku 6001020 00 'ekmy. Ilpu npogedenni npoyedypu ideHmupikayii 3HaueHHs IHOUKAMopi8
i iHOeKci8 IONOBGIOHUX XAPAKMEPUCTNIUK NPOEKMYIOMbC HA 3HAUEHHs 8i0N0GIOHUX WKAN. Apeymenmu
Yinbosoi ynxyii i0enmughikayii, sKi € o3HAKAMU YUHHUKIE OYIHIOBAHHS 30 8IONOBIOHUMU CKIAOOBUMU
Kpumepisimu, 8Upa3caiomvcsi oanamu 6 6e3posmipHomy eueisiol. 3adaua ioenmuixayii pieHs ekono2iuHol
Oe3nexu 05 NPUPOOHUX YU TNEXHOLEHHUX 00 €KMI6 8 YMOBAX HEBUZHAYEHOCMI PO38 3YEMbCs Memooamu
CUCEMHO20 AHANI3Y 3 GUKOPUCAHHAM 6a2amokpumepianbho2o nioxody i 3600Umscs 00 NOPIGHAHHSL
OMPUMAHUX OATLHUX OYIHOK [ PAHICYBAHHA IX 3A CYKYNHICIIO YACMKOBUX KpUmepiie uu iHmezpaibHuM
Kpumepiem (inoexcom). Buxopucmarnua memoody ananizy iepapxii 014 oOTpyHmMy8aHHs 6K1A0Y KOMNJIEKCHUX
CKAA008UX OYIHIOBAHHSL DI6HSL €KON0TUHOI be3neKu 600HUX 00 €kmig YKpaitu € Kouosum enemeHmom, uo
00380110 8UOPAMU HAUKPALe DIeHHsl U000 3ACOCYBAHHS MEMOOO0NO02TT OYIHIOBANHSL.

Knrwouoei cnosa: anmponozenne nasanmaoicensi, 800Hi 00’ cxmu, exonoeciuna 6esnexa, npupooHo-mex-
HIYHI 2eocucmemu
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“Soil without gases is not soil, soil chemistry cannot be known —
even in its general features — by studying only the solid

and liquid components of the soil”

V.I. Vernadsky [1]

Abstract. The important role of gases in the planetary energy-mass exchange of the lithosphere with
the atmosphere is determined, and attention is focused on the multifaceted mechanisms of gas exchange,
especially under non-isothermal soil conditions. The conceptual principles of involving gases in ensuring
the thermodynamic availability of plant nutrition, which emphasize the role of gases in a heterogeneous
soil system, which is characterized by the presence of trapped air bubbles, are based on experimental
data. Trapped soil air bubbles in the soil environment play the role of a distributed energy source when
interacting with the thermodynamic parameters of the environment — temperature, atmospheric pressure
and soil moisture content. The reaction of the soil capillary potential to a daily dynamics of external
thermodynamic parameters has the nature of a self-oscillating process with a significant amplitude of the
thermodynamic availability of the pore solution for plants.

This turns the trapped air bubbles into centers of thermodynamic disequilibrium (CTD), acid centers
of a certain strength (AC) and ecotone centers of soil biota. Thermodynamic accessibility is determined
by the dynamics of soil heterogeneity, i.e. its energy saturation with surface types of energy, as well as
by increasing matter mobility and intertransitions of different categories of soil absorption capacity. The
functional parameters of the soil are determined by the gas composition of the soil atmosphere, where a
special role belongs to carbon dioxide (CO,), as the main factor in maintaining soil homeostasis. Emphasis
is placed on the fact that under natural conditions of soil functioning, the composition of the smallest
bubbles is enriched with oxygen and nitrogen, and most importantly, the size of these bubbles becomes
close to nanoradii, which gives them abnormal properties.

Using the example of nanotechnologies with various gases, the possibility of targeted control of soil
processes to increase the productivity and quality of plant products and ameliorative improvement of soils
has been proven. The conclusion about the extremely high potential of integrating nanobubble technologies
into ameliorative agriculture when using modern drip irrigation technologies has been made.

Keywords: thermodynamic soil system, soil processes, soil gases, trapped air, nanobubbles, soil
energetics, thermodynamic accessibility

Relevance of the research. The Earth’s
epigeosphere  is  characterized by the
transformation of huge flows of energy and matter,
where a special role belongs to the pedosphere, as
the lithospheric shell bordering the atmosphere,
which actually regulates planetary energy and
mass exchange with the environment and space.
The patterns of pedosphere development are
perhaps the most complex among all the Earth’s

© Kolomiiets S.S., Romashchenko M.1., Sardak A.S., 2025

geospheres. After all, all four phases interact and
interpenetrate in it: solid matter — gases — moisture
and living matter. Moreover, the role of living
matter in the transformation of energy and mass
exchange flows of the epigeosphere is constantly
growing. V.I. Vernadsky drew attention to the
biogenic structure of the modern atmosphere [2],
which is changing its composition quite rapidly.
And now significant anthropogenic emissions
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of greenhouse gases cause a greenhouse effect,
which leads to global climate change towards
warming and aridization [3].

Analysis of previous research and
publications. The most significant evolutionary
changes in properties occur in the pedosphere, as
a regulator of the interaction of the lithosphere
with the atmosphere, in which the decisive role
belongs to atmospheric and soil gases. However,
the role of these gases in the evolution of the
pedosphere properties has not been fully studied
yet. In recent years, the mechanism of emissions
of greenhouse gases such as carbon dioxide
(CO,), nitrous oxide (N,O), methane (CH,),
carbon monoxide (CO), hydrogen (H,) and other
minor atmospheric gases have been intensively
studied [4]. However, the role of each gas in soil
functioning and in living organisms lives has
not been fully studied yet due to the extreme
complexity of the heterogeneous soil system and
the multifaceted functional purpose of gases.

It should be mentioned the imperfection of
modern methods for studying the gas regime
of soils [5]. And the current state of studying
this problem is primarily due to the extreme
complexity and multifaceted ways of moving
gases in a heterogeneous four-phase environment
of a highly organized soil system, which is also
complicated by the cyclic non-isothermality
of soil regimes. The most complete analysis of
such mechanisms of cyclic migration of matter
is considered in the theory of drying of various
materials [6], where the mechanisms of moisture
thermal diffusion, relative thermal diffusion of
gases in a non-isothermal pore space, thermal
sliding of gases, in the presence of a temperature
gradient and many other specific mechanisms
migration of substances in a heterogeneous
environment are considered.

In particular, it has been proven [6] that due
to the relative thermal diffusion of gases in soil
pore space in the presence of a temperature
gradient, water vapor with a molecular weight
of My,, =18 and carbon dioxide My, = 44,
compared to the average molecular weight of
atmospheric air M,,,, = 29, can move in opposite
directions. Probably, one of such mechanisms
is the enrichment of the soil atmosphere with
CO, during non-isothermal evaporation of
moisture from the soil. In mathematical models
of gas migration, those prevail where the driving
force of movement is the diffusion mechanism,
i.e. movement along concentration gradients.
However, such models are unsuitable for a
heterogeneous soil environment.

Using the example of the thermal movement
of moisture in the vapor state, it has been
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experimentally proven that the established actual
flow of vaporous moisture in the soil, moving
after the heat flow that occurs in the pore space
of the soil due to the thermal sliding of gases
[7], exceeds diffusion in intensity and can be
provided only by the convective flow of soil air.
Therefore, in the non-isothermal regime of the
soil environment, the convective mechanism of
gas movement in the pore space prevails.

The movement of water vapor under the
influence of a temperature gradient generates
circulatory (dissipative) structures where the
capillary flow of moisture compensates for
vaporous losses in certain areas of evaporation,
which, in turn, causes a compensatory flow of
liquid and convective transport of dissolved
substances and change in their concentration in
the zone of predominant moisture evaporation
[7]. Such circulatory movements of moisture
and gases in different phase states are typical for
soil, which generally indicates the inconsistency
of diffusion models of gas movement in soils
and emphasizes the extreme complexity of mass
transfer in the soil environment and its insufficient
study.

The purpose of the publication is to form
the conceptual principles of involving gases in
ensuring the thermodynamic availability of plant
nutrition from the soil and the transformation
(dissipation) of energy in soil processes through
the significant dynamics of heterogeneity, i.e. the
variability of the surface area of the liquid-gas
interface, as well as to substantiate the possibility
of controlling the intensity of these processes
by changing the gas composition of the soil
atmosphere.

Materials and methods of research. The
methodology of soil research, where soil is
a non-equilibrium thermodynamic system,
provides for the use of mainly thermodynamic
hydrophysical field and laboratory research
methods that are integrative for determining the
parameters of the current thermodynamic state
of a heterogeneous system of unsaturated soil.
When using these methods [10], it was possible
to differentiate the pore space of the soil by
its fundamental property — hysteresis, i.e. the
ambiguity of the relationship between capillary
potential and soil moisture content.

Using the created “Method for determining the
structure of soil pore space (dispersed media)” [8],
it was possible to divide the total heterogeneity,
i.e. the surface area of the liquid-gas interface,
into extraheterogeneity (external), or the interface
surface area when capillary moisture contacts
with soil atmosphere, and intraheterogeneity
(internal) — the contact area of the solution
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with the inner surface of trapped air bubbles. It
is intraheterogeneity that turned out to be the
most dynamic state parameter that ensures the
dynamics of surface energy in unsaturated soil,
i.e. its energy buffering: the storage of surface
energy at the surface of the liquid-gas interface
when air is trapped and its slow release as this
area decreases due to the opening of the bubbles
of intraheterogeneity. This phenomenon of
hysteresis is used by soil biota and plants in their
own production process to minimize their own
energy consumption. The dynamic model of soil
functioning and development in interaction with
the environment [9], formulated using a systems
approach, became the methodological basis for
studying the role of gases in soils.

Research results and their discussion.
Modern ideas about the gas regime of soils are
imperfect. In particular, it is believed that the
main mechanism of gas exchange is carried out
by the processes of “soil respiration”, where the
processes of soil biota metabolism prevail. It
has been already mentioned that there are other
purely physical mechanisms of movement and
selection of gases of the soil atmosphere [6, 7].
The dominance of purely agronomic views on
“soil respiration” does not aim to consider the
mechanisms of gas transformation and their role
in the functional parameters of soil processes. And
only considering the soil as a non-equilibrium
thermodynamic system in interaction with the
environment highlighted the extraordinary role
of the gas component in the life of the soil and
ensuring its productive function (fertility).

It has been experimentally established [10,
11] the emergence of subordinate (internal)
energy-consuming processes of redistribution
of matter with its phase transitions occurring in
the soil, which transforms the soil environment
into a microgradient structure with pulsating
movements of energy and mass exchange in the
environmentofmacropores with trapped air. These
translational movements of a certain intensity
(energy consumption) determine the level of soil
homeostasis, which ensures the reproduction of
the structural organization and basic properties
of the soil environment [10], and it is the soil
air bubbles, separated from the atmosphere by
liquid membranes in the expansions of the pore
space play the role of an energy source in the

soil, responding to the variable cyclic external
thermodynamic parameters — temperature,
atmospheric pressure and moisture content.

For a better understanding of the dynamics
of the trapped air content, a physical model of
the soil pore space was created in the form of a
corrugated equivalent capillary, which considers
in detail the conditions for the existence of
trapped air in the extensions of the soil pore
space [11]. In particular, the condition for the
equilibrium of a trapped air bubble is the equality
of the curvature radii of the liquid membrane
both from the outside, when it contacts with
the atmosphere, and inside, which limits the
inner surface of the trapped air »,=r,,. Such an
equilibrium is possible in the range of pore sizes
where ne r,;, <7, <7,.. where where r,, and
... are the typical pore sizes determined by the
sphere of the most inscribed radius in the pore
body and r,,, is the radius of the sphere inscribed
in the necks of this pore. ,

The ratio of these typical pore sizes n = ;"i
is an important characteristic that is determined
in the laboratory diagnostics system by the
amplitude of the capillary hysteresis loop [6, 11].
The threshold size of structural macroporosity is
determined by the value n > 2 and the excess gas
pressure that can be created in a bubble of trapped
air P,

Haon

e = Do . .
=0,15-"*—== depends on this ratio.

That is, the greater this difference, the higher the
excess pressure can be created in the bubble. That
is why the largest structural soil macropores are
very important in agronomy. In turn, under the
action of excess pressure, the diffusion of gases
that make up this bubble begins through liquid
membranes to the soil atmosphere according
to their solubility in the pore solution. Table 1
shows the comparative solubility of some gases.

Among the atmospheric gases, the solubility
of oxygen (O,) is 24,4 times lower compared
to carbon dioxide (CO,), and nitrogen is 46,6
times lower. Therefore, in bubbles of trapped air,
when the excess preasure (P,,..,,) occurs, the gas
composition is enriched in oxygen and nitrogen,
according to their solubility in the pore solution.

The content of CO, in the soil atmosphere
is increased, compared to the open atmosphere,
approximately by 3 %, although in anaerobic

1. Solubility of some gases in water when T=25 °C, mol L' atm ![12]

Ammonia Sulfur dioxide | Carbon dioxide Methane Oxygen Nitrogen
(NH,) (80, (CO,) (CH,) (G, (N>)
57,0 1,25 0,0308 0,00129 0,00126 0,000661
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conditions of some soils it can increase by 20 %
or more. The main thing is that carbon dioxide
dissociates in the pore solution forming carbonic
acid H,CO;. Due to this, the bubbles of trapped
air become acid centers of carbonic acid, forming
a radial acidity gradient of the pore solution in
the unsaturated soil and disrupting the carbonate
equilibrium of the soil cement. It should be
noted that carbon dioxide, in addition to the
environmentally negative effect of its emission
for the atmosphere, plays an extremely important
role in soil functioning binding carbon and
calcium in it, as well as ensuring the dynamics of
thermodynamic availability of nutrients for plants
from all categories of soil absorption capacity.

Soil energetics. Capturing soil air into the
structure of the soil matrix and the including
gases together with moisture into the components
of the thermodynamic system of soil functioning
as a working medium is of extremely importance
in the conversion (dissipation) of the external
solar energy flow, which generally determines
soil energetics and its dynamics. An integral
parameter of soil energy saturation is the
thermodynamic moisture potential [9, 11].
The dynamics of soil capillary potential under
the influence of the dynamics of variability
of external thermodynamic parameters was
experimentally  investigated:  temperature,
atmospheric pressure and moisture content. In
particular, a thermal pulse in the real range of
daily temperature variability of an isolated soil
sample at constant moisture content (6 = const)
causes a self-oscillating process of changing the
capillary potential of the soil sampl. Initially,
synchronously with heating, the capillary
potential increases (decreases in absolute value),
and with the onset of cooling it rapidly decreases
to a minimum, and begins to slowly increase to
the initial values [10]. Deviations of the capillary
potential values in both directions from the initial
values reach 20—40 kPa, and the total amplitude
reaches 30—60 kPa, which is a fairly significant
fluctuation in the thermodynamic availability of
plant nutrition in the daily cycle.

The behavior of gases in the physical model
of the pore space in the form of a corrugated
equivalent capillary allow us to understand the
processes of emerging the self-oscillating mode
of the dynamics of the capillary potential [11].
With the onset of heating, the volume of trapped
air in the soil expands, squeezing moisture out of
the pore body. Having the effect of moistening
this process leads to the closure of larger pores
with liquid membranes and an increase in the
values of the capillary potential. This is also
facilitated by a decrease in the surface tension
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of the solution with increasing temperature. At
the same time, the equilibrium conditions of the
trapped air are disrupted in the smallest pores and
it is compressed, increasing the intensity of the
dissolution of gases in these bubbles, or small
bubbles may be carried away by the convective
flow of the pore solution to larger pores.

The increase in the capillary potential stops
when these two opposite processes become equal
in intensity. With the beginning of cooling, the
minimum values of the current capillary potential
are observed in the soil taking into account the
dissolution of gases in the smallest pores, with
the subsequent process of gas release from the
pore solution. In this case, capillary meniscus
forces cause tensile forces in the soil and slow
restoration of the initial values of the capillary
potential in the soil sample.

The saturation of the smallest bubbles of
the trapped air with the least soluble oxygen
(O,), nitrogen (N,) and their dissolution in the
pore solution under excess pressure leads to the
question — whether plants absorb them from the
pore solution in the environment of the smallest
pores? Perhaps this is one of the mechanisms of
absorption of atmospheric nitrogen (N,), which
requires targeted further research. In particular,
when having the values P =—60 kPa, the radius
of the bubbles is »=2,5-107, or 2500 nm, and
when they are compressed, their size decreases
by an order of magnitude. In this case, it is
important that the smallest bubbles with a size
of 1-10°+1- 10’9, 1.e. micro- and nano-radii,
acquire anomalous properties.

The study of nanobubbles is a new aspect of
science in the area of nanotechnology. In 1950,
the Einstein-Plesset theory was proposed to
predict the lifetime of bubbles, and in 1959, the
American physicist Richard Feynman presented
this concept, which demonstrated great potential
for application in medicine, cosmetics, chemical
technology, polymers, treatment and health care,
and many other areas [13]. However, the rapid
development of nanobubble technology began
only in the third millennium. Nanobubbles with
a size of 1-10°+1-10" M can occur naturally,
in particular, the mechanism of nanobubbles in
water on a hydrophobic surface is described [14].

There are plenty of such hydrophobic surfaces
insoils, they are mainly films of organic substances
on mineral particles. However, for industrial use,
nanobubble generators have been invented that
use different principles — cavitation, electrolysis,
nanoporous membranes, ultrasound, and others.
The importance of nanobubbles is based on their
anomalous properties that distinguish them from
other bubbles: they are electrochemically active,
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non-floating and non-toxic, stable and can remain
in the aquatic environment for a rather long time,
acquire a zeta potential, due to which they have
the properties of colloids to involve ions into
a double electric layer, and such involvement
occurs on both surfaces of the bubble, which
ensures the delivery of necessary elements to any
organ in organisms.

Nanobubbles can be formed from various
gases — oxygen, nitrogen, carbon dioxide,
hydrogen, ozone and others, which have
different effects on the purposefully controlled
system. Among the multifaceted applications of
nanobubble technologies, one should focus on
their use in the agrosphere. There is already a
lot of data on the positive impact of nanobubbles
on yield, quality of grown products, water
retention and other soil properties, in particular
their structuring, mobilization of hard-to-reach
biogens due to an increase in the number and
selection of microbiota in the rhizosphere of plant
roots, as well as other aspects of crop production
[15—-18]. The main element of the technology
for using nanobubbles, mainly of oxygen (O,)
composition, was the technology of introducing
nanobubbles into irrigation water supplied to
plants by means of drip irrigation.

However, among the existing published
data, the use of nanotechnologies in crop
production has certain shortcomings, and most
importantly, there is the lack of systematic
application of nanobubble technologies. They
show insufficient professionalism, experiments
are conducted mainly in closed soil, and there
is no interpretation of the effect of nanobubbles
on the soil from the standpoint of soil science,
agrophysics and land reclamation. In particular,
it is observed an increase in soil moisture and
water-holding soil capacity, but the impact of
using nanotechnologies on the capillary soil
properties is not yet considered, which may be
of great importance for hydrotechnical land
reclamation. Moreover, the impact of various
gases on soils, which may become an element of

land reclamation technologies in the future, is not
considered either.

The study of using nanotechnologies in land
reclamation agriculture is planned in the scientific
program of the Institute of Water Problems and
Land Reclamation in the next five-year period of
2026-2030.

Conclusions. The functioning of the soil as a
thermodynamic system highlighted the extremely
important role of the gas phase in the soil life, the
transformation of energy and matter in it, which,
ultimately, ensures its productivity.

An important role in these processes
belongs to the bubbles of soil air trapped in the
expansions of pores, as a form (mechanism)
of involving gases into the heterogeneous soil
environment. These bubbles become a source
of thermodynamic disequilibrium (source of
energy), acid centers and centers of ecotones of
soil biota in the soil, which transform the soil into
a microgradient dissipative structure with cyclic
pulsating radial movements of energy and mass
exchange with phase transitions of matter. Due
to these processes, soil homeostasis is maintained
and the reproduction of the basic properties and
its structural organization is ensured.

Among the gases of the soil atmosphere,
carbon dioxide (CO,) plays an important role in
soil functioning, so its content can be equated to
one of the fertility parameters.

The technical capabilities of introducing gases
with irrigation water by means of drip irrigation,
including in the form of nanobubbles, will allow
for more targeted control of soil regimes and their
reclamation effect on the soil.

It is time to integrate nanobubble technologies
into the practice of reclamation agriculture due
to their extraordinary prospects in increasing
the productivity and quality of plant products,
improving the microbiological state of the soil and,
perhaps most importantly, their environmental
friendliness. The use of nanobubbles of various
gas compositions will significantly expand the
possibilities of reclamation technologies.
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«[pyHT, B3aTHI G€3 ra3iB, He € IPYHTOM, XiMisl IDYHTIB He MOKe OyTH Mi3HaHa —
HAaBITb Y CBOIX 3araJIbHUX pHcax — BUBYCHHIM TUTBKH

TBEPANX 1 PIAKMX CKIIQJOBUX YaCTHH IPYHTY»

B.1. Bepnancbkuii [1]

Anomauia. Busnaueno easciugy ponv 2aszig y NAAHEMAPHOMY eHepeoMAacooOMIiHi nimocgepu 3 ammo-
cheporo, akyenmosana yeaza na 6a2amoepaHHUX MEXAHizMax 2a3000MiHy, 0COONUBO 3a Hei30MepMIYHUX
ymos tpyumy. Konyemmyanvmui 3acadu yuacmi eazig y 3aOe3neuenHi mepmMoOuHAMiuHOi 00CHynHOCMI
JHCUBTIEHHS POCTUH OA3YIOMbCA HA eKCHEPUMEHMANbHUX OaHuxX, 0e aKyeHmo8ana ponb 2asie y 2emepo-
2eHHill cucmemi Ipynmie, 0N AKUX XApaKmepHa HAAGHICMb OY160AUIOK 3amucHymozo nogimps. Aooice
OYILOAUIKY 3aMUCHYO20 IPYHMOB020 NOGIMPS Y IPYHMOBOMY Cepedosuui 8idicpaioms poib po3noodiie-
HO20 Odicepena enepeii npu 63aemo0ii 3 MepMOOUHAMIYHUMUY NAPAMEMPAMU O0BKILIAL — MeMNepanyporo,
ammocghepHum muckom ma onocoemicmom Ipyumy. Peaxyia xaninapnozo nomenyiany rpynmy ma nepe-
8aICHO 00008V OUHAMIKY 306HIUUHIX MEPMOOUHAMIYHUX NAPAMEMPI6 MAE XApaKkmep asmoKOIUBAIbHOO
npoyecy i3 3HaUHOW AMNAIMYOOr) MEPMOOUHAMIUHOT OOCIYNHOCMI 0I5l POCIUH NOPOB8020 po3uuHy. Lle
nepemeopioc OynbOAWKYU 3aMUCHYIO20 NOBIMPSL Yy YeHmpu mepmoouHamiunoi nepiernosasicrnocmi (L{TH),
xucromui yeumpu nesnoi cuiu (KLJ) ma yenmpu exomonis ipynmosoi oiomu. Tepmoounamiuna oocmyn-
HICMb 8UBHAYAEMbCS OUHAMIKOIO 2emepOo2eHHOCHI IPYHIY, MOOMO U020 eHepeOHACUYEeHOCI NoGepXHe-
BUMU BUOAMU EHeP2Il, A MAKONC NIOBUUEHHAM MOOITLHOCT PEHOSUHU | 83AEMONEPEX00i8 PI3HUX Kame-
2opiti 6oupnoi 30amnocmi ipyHmie. CYHKYionansHi napamempu IpyHmy GU3HAUAE 2a308Ull CKIA0 TIPYHMOBOI
ammocgepu, de ocobausa ponv Hanexcums diokcudy gyaneyio (CO,), AK 20106H020 YUHHUKA NIOMPUMAHHSA
2omeocmasy Ipynmy. Akyenmosana yeaza Ha Momy, Wo 8 NPUPOOHUX YMOBAX (DYHKYIOHYEAHHS TPYHINY
8i00ysacmovcsl 30azavents CKiady HauopiOHiwux O6yI1bOAUWOK HA KUCEeHb | HIMpO2eH, d HaleolosHiule,
PO3MIp yux OYILOAUIOK HAOIUINCAEMbCS 00 HAHOPAOIYCis, WO HAOAE iX aHOMANbHUX enacmugocmell. Ha
NPUKAAOL HAHOMEXHONI02IU 3 PISHUMU 2A3aMU 008E0CHA MONCTUBICIb uiﬂecnpﬂmoeanoeo VAPAGIIHHA IPYH-
MOBUMU NPOYeCamu 3 Memoro nidguwyeHHs NPOOYKMUBHOCI I AKOCMI pOCJluHHOl npodymﬂl ma meniopa-
MUBHO20 NOKPAUSEHHS] rpyHmz@ 3po6ﬂenuu BUCHOBOK NPO HAO3BUYALIHO BUCOKUL NOMEHYIA mmeepyeaHHﬂ
HaHO6YIbOAUIKOBUX MEXHONO2IU Y MeniopamusHe 3emMaepoocmeo 3 6UKOPUCHIAHHAM CYYACHUX MEXHON02ill
KPAnauHHO20 3POULeHHS.

Knrwowuoei cnosa: mepmoounamiuna cucmema Ipynmy, TPYHMOSI npoyecu, TPYHMOSI 2d3u, 3amuchynie
nosimps, HaHOOYTLOAWIKY, eHEPeemUKA IPYHNY, MEPMOOUHAMIYHA OOCHIYNHICTb

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2025



EKOJIOI'IA

(1]

DOI: https://doi.org/10.31073/mivg202501-409
Available at (PDF): https://mivg.iwpim.com.ua/index.php/mivg/article/view/409

UDC 628.5:574.8:66.098

DEWATERING OF WASTEWATER SLUDGE
USING BIOFLOCCULATION

A.B. Mosiichuk, Ph.D. student

Institute of Water Problems and Land Reclamation of the National Academy of Agrarian Sciences,
Kyiv, 03022, Ukraine; https://orcid.org/0000-0001-9109-6746; e-mail: andrew.mosiichuk@gmail.com

Abstract. Sludge dewatering is a crucial stage in wastewater treatment that significantly affects
treatment facilities’environmental and economic efficiency. This article explores the issue of wastewater
sludge dewatering using bioflocculation, a biotechnology that involves the natural process of particle
aggregation involving microorganisms or their metabolites. Biological wastewater treatment remains a
leading approach globally and in Ukraine; however, existing sludge dewatering methods face limitations
due to high costs and insufficient efficiency. Bioflocculation helps reduce sludge moisture content,
increase dry matter concentration, and decrease waste volume, contributing to resource savings and
reduced chemical load. The study analyzes the impact of microbial bioflocculants on sedimentation
and dewatering processes, particularly exopolysaccharides produced by Bacillus, Pseudomonas, and
Klebsiella bacteria. Parameters influencing efficiency, such as dosage, contact time, pH, and aeration,
are considered. Combining bioflocculation with conventional methods, such as centrifugation and
mechanical thickening, enhances treatment efficiency while reducing energy and reagent consumption.
Special attention is given to the potential implementation of bioflocculation at Ukrainian treatment plants,
where the local production of microbial bioflocculants could replace synthetic polymers. Key influencing
factors — microbial community composition, physicochemical properties of sludge, and cultivation
conditions — are analyzed for their impact on process stability. The advantages of bioflocculation are
outlined, including environmental friendliness, reduced product toxicity, improved dewatering, and cost
reduction. At the same time, challenges such as microbial adaptation, wastewater variability, and the
need for further research to implement the technology are acknowledged. Therefore, bioflocculation is
a promising approach to improving wastewater treatment and sludge dewatering, aligning with modern
environmental standards and supporting sustainable waste management.

Keywords: bioflocculation, sludge dewatering, microbial bioflocculants, activated sludge, wastewater,
water treatment

Relevance of research. Biological wastewater
treatment methods are among the most widely
used globally, where the core of the process is
the biological oxidation of organic substances
and the accumulation of inorganic compounds by
living organisms [ 1—4]. The microbial biocenosis
(a complex community of bacteria, protozoa,
algae, fungi, and higher organisms) ensures
the self-purification of aquatic ecosystems
through metabiosis, symbiosis, and antagonism
by mineralizing organic compounds that serve
as sources of energy and material for biomass
growth [3].

The first wastewater treatment facility using
activated sludge was built in England in 1914
(Fig. 1) [5]. The core technology is based on
a reactor containing an aerated suspension of
microorganisms, a settling tank for separation,
and a system for recirculating the sludge.
Biological methods are often used with physical
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and chemical treatment techniques, enhancing
overall efficiency.

The advantages of biological treatment include
high quality and environmental friendliness;
however, the lack of comprehensive theoretical
models and the high dependence on personnel
qualifications challenge the stable operation of
treatment facilities.

A promising modern approach is biofloc-
culation, a natural process of particle aggregation
and sedimentation facilitated by microorganisms
or their metabolites. Bioflocculation promotes
effective sludge dewatering, reduces operating
costs, and improves the quality of treated
water, which is particularly important in tighte-
ning environmental regulations. Therefore, the
scientific substantiation, research, and imple-
mentation of effective biological wastewater and
sludge treatment technologies remain relevant,
timely, and economically advantageous tasks.



ECOLOGY

B

1 — water for treatment; 2 — aerotank; 3 — aeration system; 4 — settling tank; 5 — treated water;
6 — sludge recirculation; 7 — removal of excess sludge

Fig. 1. Simplified diagram of a sewage treatment plant system with activated sludge by English
researchers E. Ardern and W. Lockett (1914) [6]

Analysis ofrecentresearchand publications.
Bioflocculation is one of the most promising
technologies for wastewater sludge dewatering,
showing considerable potential for improving
treatment facilities’ environmental and economic
performance. At the same time, current studies
focus on developing and optimizing design and
technological solutions for its implementation.

Ahmad et al. [7] demonstrated that the addition
of  exopolysaccharide-based  bioflocculants
increases the concentration of dry matter in
sludge and significantly improves its filtration
characteristics, emphasizing the development of
automated bioflocculant dosing systems within
secondary clarifier designs. Their results showed
effective enhancement of dry matter content up to
20 %, provided uniform distribution of reagents
in the working medium is achieved.

The importance of integrating bioflocculation
with existing sludge dewatering technologies is
highlighted in the research by Kurniawan et al.
[8]. The review includes examples of mechanical
thickeners, vacuum filters, and centrifuges
combined with bioflocculants, which allow
energy consumption to be reduced by 20-25 %
and help lower operational costs by reducing the
need for coagulants and chemical reagents.

Experiments conducted by Mnif and Ben
Rebah [9] showed that adding R. erythropolis
enhances the filtration properties of sludge,
increasing the dry matter content to 22.5 %. They
noted that the optimal operational cycle for the
treatment facilities is 4-6 hours, and regular
regeneration of aeration systems and mixers is
essential to ensure long-term functionality.

Yu and co-authors [10] investigated the design
aspects of aerotanks and sludge mineralizers

adapted for bioflocculant use. They emphasized
the need for regular cleaning of dosing systems to
prevent clogging and maintain process stability.
Additionally, they highlighted the formation of
stable flocs when using biogenic Fe(lll), which
further reduces sludge moisture.

Selepe etal. [11] investigated the effectiveness
of a bioflocculant derived from Providencia
huaxiensis, which demonstrated a flocculating
activity of 90 %, indicating strong potential for
industrial-scale application.

At the same time, Yang et al. [12] reported
the effectiveness of the Klebsiella sp. N-10 strain
increased the dry matter content in sludge from
13.1 % to 21.3 % while reducing the specific
filtration resistance. They proposed optimal
technological parameters for operating treatment
systems with bioflocculants:

— maintaining the dosage level within
15-40 mg/L, depending on sludge composition;

— contact time between sludge and
bioflocculant ranging from 30 to 60 minutes to
achieve complete particle aggregation;

— maintaining pH within the range of 6.8—7.2
to maximize polymer activity.

Peng et al. [13-20] comprehensively reviewed
the potential for applying microbial flocculants
with  physicochemical treatment methods.
They explored the effects of the combined use
of bioflocculants and aluminum salts, which
improved the structural stability of flocs and
enhanced their dewaterability.

In Ukraine, research onbioflocculationremains
mostly at the laboratory stage. For example,
Klimenko and Sabliy analyzed physicochemical
methods in combination with biotechnology.
Still, the integration of bioflocculants into treating
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wastewater sludge with a high content of organic
pollutants was not investigated [21-25].

Despite significant research, integrating
bioflocculation into existing technological
schemes requires further justification, particularly
for the specific operating conditions of treatment
plants in different regions.

The purpose of the research is to evaluate
the effectiveness of bioflocculation as a
sludge dewatering technology using microbial
bioflocculants, to identify the key factors
influencing process efficiency, and to justify the
feasibility of its implementation at wastewater
treatment plants in Ukraine.

Research materials and methods. To
systematize data on bioflocculation for sewage
sludge dewatering, the results of experimental
studies presented in foundational works in this
field were analyzed. The research methodology
examined treatment systems currently in use in
Ukraine, focusing on modeling potential outcomes
of bioflocculation implementation. Particular
attention was given to comparing the technological
parameters of sludge mineralizers with the
recommended conditions for bioflocculation
application, specifically dosage, contact time,
aeration conditions, and maintenance of optimal
physicochemical parameters.

Calculations were conducted based on actual
data from a potential pilot project involving
bioflocculants at one of the treatment lines of a
wastewater treatment facility in the Rivne region,
Ukraine.

Toevaluatetheeffectiveness ofbioflocculation,
the following formula was used [26]:

G -C,
E=——-100%, (1)
C‘0
where C, is the initial concentration of sewage
sludge quality indicators, and C; is the final
concentration of sewage sludge quality indicators
after bioflocculation.

Research results and their discussion.
Bioflocculation is the process of aggregating fine
dispersed particles into larger aggregates through
the action of microorganisms or the biopolymers
they secrete. These macromolecules form a
hydrophilic matrix in which water is tightly
bound, making its release from the sludge more
difficult. The addition of biological flocculants
leads to larger aggregates and compression of
the electric double layer on particle surfaces.
As a result, extracellular polymers break down,
releasing bound water and enhancing sludge
dewatering [9]. Charge neutralization and the
formation of inter-particle “bridges” between
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polysaccharide chains further stabilize the flocs
[12]. The primary mechanisms of bioflocculation
include:

— electrostatic interactions
microorganisms and particles;

— secretion of exopolysaccharides
promote floc formation;

— hydrophobic interactions and complexation
between microorganisms and pollutants.

Bioflocculants are classified into microbial
flocculants (bacteria, fungi), polysaccharide-based,
protein-based, and combined bioflocculants.

Themainfactorsinfluencingthebioflocculation
process are the composition of the microflora,
the chemical makeup of the sludge (presence of
organic and inorganic compounds affecting floc
formation), physicochemical conditions, and the
use of biopolymers.

The composition of the wastewater sludge
microflora is a critically important factor
influencing the bioflocculation process. Micro-
organisms present in sludge act as primary
agents facilitating particle aggregation. Bacteria
such as Acinetobacter, Pseudomonas, and
Bacillus (see Fig. 2) and fungi like Aspergillus
and Penicillium actively produce biopolymers
that aid flocculation. A high concentration
of  exopolysaccharide-producing bacteria
positively affects the formation of dense and
stable flocs. Elevated metabolic activity among
microorganisms enhances aggregation efficiency,
as active cells more effectively interact with
contaminants and promote sedimentation. The
dominance of particular microorganism species
can either enhance or hinder bioflocculation.
For instance, some species may be less effective
in producing flocculating substances or may
even disrupt already-formed flocs. Microflora is
sensitive to changes in pH, temperature, nutrient
concentration, and toxic substances in the
wastewater; optimal conditions ensure maximum
activity and high-quality floc formation.

between

that

Fig. 2. Bacterial bioflocculant Bacillus sp.
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Combining different microorganisms can
form more effective bioflocculants due to the
mutual enhancement of exopolymer release.

Considering these factors, the selection and
optimization of the microbial composition of
wastewater sludge is one of the key directions
for improving the efficiency of bioflocculation.
Research focused on microbial community
composition and its role in aggregation processes
will enable the development of new approaches
to enhancing sludge dewatering technologies.
For effective implementation of bioflocculation
in wastewater treatment processes, the following
aspects must be taken into account:

— use of activated sludge: activated sludge
can serve as a source of bioflocculants to enhance
sedimentation and dewatering;

— application of natural bioflocculants: using
biopolymers based on exopolysaccharides to
enhance coagulation and particle aggregation;

— combination with other methods: integra-
ting Dbioflocculation with flotation, -electro-
coagulation, or ultrasonic treatment can improve
treatment efficiency;

— optimization of process conditions:
adjusting pH, temperature, aeration, and nutrient
content to maximize bioflocculant productivity.

Bioflocculation  technology = can  be
implemented in existing aerotanks or anaerobic
sludge tanks, where activated sludge already
contains microorganisms capable of producing
bioflocculants. Among the possible structural
components of wastewater sludge dewatering
technologies, activated sludge mineralizers have
been identified as promising facilities for the
application of bioflocculation. In mineralizers,
activated sludge accumulates and stabilizes
before being fed to sludge drying beds. Reducing
volume and increasing dry solids concentration at
this stage directly impacts subsequent dewatering
and sludge disposal. Adding bioflocculants
directly into mineralizers will provide the best
effect, as the sludge is not yet dewatered, and
the stabilization process allows for the even
distribution of reagents.

Internal  production of flocculants by
bacteria reduces the need for expensive
synthetic polymeric flocculants. It increases
the environmental friendliness of the process,
avoiding contamination of the sludge with heavy
metals and by-products of incomplete synthesis,
which are characteristic of some chemical
coagulants. Considering that the synthesis of
bacterial biopolymers is slower than chemical
precipitation, the actual effect may appear over a
more extended period than traditional coagulants.

Overall, bioflocculation can increase dry

matter concentration in sludge and reduce its
volume, facilitating transport and disposal.
However, increased nutrient content for bacteria
may promote the growth of filamentous or
coliform bacteria, which can cause sludge
swelling and foaming. Therefore, the production
of Dbioflocculants and cultivation conditions
(temperature, pH, nutrient availability) must be
carefully controlled.

At the same time, the adaptation time for
microorganisms, maintaining optimal process
conditions,andpotential variationsineffectiveness
depending on wastewater composition limit
the use of bioflocculation and highlight the
need for further research. Optimization of the
bioflocculation process is possible by selecting
effective bioflocculants by wastewater quality
indicators, controlling their concentration in
the system, and using mathematical models to
predict process efficiency.

Foreffectiveimplementation ofbioflocculation
in sludge mineralizers, it is necessary to consider
the design of the mineralizer, the dosing system,
regeneration process parameters, and flushing, as
well as configure process parameter control.

Existing facilities should be adapted to allow
for uniform dosing of bioflocculants. Dosing
systems can be integrated into existing sludge
feed channels, ensuring optimal flocculant
concentrations (10-50 mg/L depending on
sludge volume). The use of automatic dosing
units ensures even distribution of reagents
throughout the volume of the mineralizer. Liquid
bioflocculants are preferred due to their short
dissolution time and high activity.

The contact time between the sludge and
the bioflocculant should be between 30 and 60
minutes. Aeration systems or mechanical stirrers
are recommended to ensure uniform mixing.
After each processing cycle, the mineralizer
should be flushed to prevent the accumulation
of residual substances. The duration of flushing
should be at least 15 minutes.

Determining the optimal pH level (6.5-7.5),
temperature (20-30 °C), and nutrient concen-
tration is critical for the adequate performance of
bioflocculants.

Considering the use of sludge mineralizers
as potential facilities for the implementation
of bioflocculation, the technological scheme
of wastewater treatment plants will include
mechanical treatment (three receiving chambers,
mechanical grids, sand traps, sand drying beds,
distribution chamber; radial primary clarifiers),
biological treatment (two-channel aerotanks;
radial secondary clarifiers; blowers; sludge
pumps), wastewater disinfection (contact tanks),
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and sludge treatment (mineralizers; sludge drying
beds with flushing drainage) (Fig. 3). To predict
the effectiveness of bioflocculants at the sludge

(7]

dewatering stage, sludge indicators before and
after the implementation of bioflocculation are
compared.
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1 — Receiving chambers; 2 — Sand traps; 3 — Distribution chamber; 4 — Primary clarifiers; 5 — Aerotanks;
6 — Secondary clarifiers; 7 — Mineralizers; 8 — Contact tanks; 9 — Sludge drying beds; 10 — Sand drying
beds; 11 — Drainage pumping station; 12 — Blower (air supply) pumping station; 13 — Raw sludge
pumping station; 14 — Bioflocculant dosing point

Fig. 3. Predictive technological scheme of wastewater treatment facilities with sludge bioflocculation

Bioflocculants are introduced in liquid or dry
form at an optimal dosage through special mixers
or dosing systems to ensure uniform distri-
bution.

The key design indicators for implementing
the technology include sludge moisture content,
the concentration of dry solids, the volume of
dewatered sludge, and the content characteristics
of heavy metals and organic matter.

Sludge moisture content (%) is calculated
using the following formulas:

— without bioflocculation

W, =100, @

mtol‘

— with bioflocculation
W, =W, *(1-AW), 3)

where m,, is the mass of water in the sludge, m,,
is the total mass of the sludge, and AW is the
projected decrease in moisture content.

Dry solids concentrations (%):

— without bioflocculation

S, =24 %100,
m

“)

tot
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— with bioflocculation
S, =8, *(1+AS), (5)

where m, is dry solids mass, and AS is the
projected increase in dry solids concentration.
The volume of dewatered sludge (m?):
— without bioflocculation

V= (©)
Py
— with bioflocculation

V=V *(1-AV).(7)

where p, is sludge density, and AV is projected
volume reduction.

Forecast of heavy metals and organic content
is based on the expected reduction in toxic
compounds and improved sludge stability (%):

C,=C *(1-AC), (8)

where C, is the concentration of the n-th
component, C,; is the component without bio-
flocculation, and AC is expected to decrease in
component concentration.

The calculation data is
predictive table.

included in the
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Calculated qualitative and quantitative sludge indicators for scenarios with and without
bioflocculation

Indicator Without bioflocculation With bioflocculation
Dry solids concentrations (%) 24 5-7
Sludge moisture content (%) 96-98 93-95
Sludge volume (m?/day) 250-300 200-240
Nitrogen (V, mg/kg) 10-15 812
Phosphorus (P, mg/kg) 20-25 18-22
Organic carbon (C, mg/kg) 150-200 120-180
Required sludge drying beds (m?) 1000—1200 800—-1000

The projected changes in indicators
demonstrate the advantages of implementing
bioflocculation:

— increased concentration of dry solids
(bioflocculants promote the formation of compact
flocs that are easier to dewater);

— more efficient water removal reduces
sludge volume and the need for sludge drying
bed areas;

— the resulting flocs are more stable,
decreasing the risk of rehydration and improving
the overall sludge structure.

Since bioflocculation involves using micro-
organisms (particularly filamentous bacteria)
that actively interact with suspended sludge
particles, one of the key parameters for laboratory
monitoring is the content of pathogenic
organisms in the sludge. During the process,
dense aggregates are formed in which pathogens
may become mechanically encapsulated or
remain free, depending on their characteristics.
Filamentous bacteria create a three-dimensional
matrix within the sludge structure, which can trap
pathogens and restrict their access to nutrients.
At the same time, anaerobic conditions develop
within the flocs, which may reduce the viability
of aerobic pathogens. However, such conditions

may be favorable for persistent anaerobic
pathogens.

If bioflocculation is effective, pathogens may
be mechanically separated along with the sludge
during dewatering. The formation of large, dense
aggregates may also inhibit the survival of certain
pathogenic microorganisms.

Conclusions. Bioflocculation is a promising
method for improving the dewatering of waste-
water sludge, enabling reduced environmental
impact and enhanced treatment efficiency.
Implementing this technology can decrease the
need for chemical reagents, improve sludge
processing quality, and enhance the ecological
safety of wastewater treatment facilities.

To implement bioflocculation, existing
sludge mineralization units must be adapted
by integrating automatic dosing and process
parameter control systems tailored to the specific
conditions of Ukrainian treatment plants.
Further research should focus on optimizing
process parameters and the implementation of
bioflocculants capable of functioning under
a wide range of conditions. The successful
application of bioflocculation may become
a vital tool for sustainable water resource
management in Ukraine.
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Anomauis. 3neso0HenHss 0cadi@ CMIYHUX 800 € GANCIUBUM €MANOM OYUWEHHS, WO 3HAYHO GNIUBAE
HA eKoNo2iuHiCmb I eKOHOMIYHICMb poOOmu OoYucHux cnopyo. Y cmammi 00Cniodxicyemvcs npooiema
3HEB0OHEHHS 0CAdi8 CMIYHUX 800 13 3ACMOCYBAHHAM DIoMAOKYAAYil — DlomexHon02ll, wo bazyemvcs Ha
npuUpoOHOMY npoyeci azpe2ayii YacmuHoOK 3a y4acmi MiKpoopeanizmie abo ix memabonimie. bionociune
OUUUeHHA CMIYHUX 800 3ATUWAEMbCA NPOGIOHUM HANpamMom y ceimi ma Ykpaini, npome icHywOui
Memoou 3HeB00HEHHs 0CAdI8 MAIOMb 0OMEJICEHHS Yepe3 GUCOKI UMPAmu ma HeOOCMAmHIo eghekmues-
Hicmo. Biognokynsayis 0036015€ 3HU3UMU BON02ICMb 0CA0Y, NIOSUUUMU KOHYEHMPAYIIO CYXUX PEHOBUH
[ amenuumu 06’ em 8i0X0018, W0 CNPUSLE eKOHOMIL pecypcié ma 3MEeHUEeHHI0 XIMIYHO20 HABAHIMANCEHHSL.
V' pobomi npoananizoeano enaue pisHux MIiKpoOHUX OIOPDIOKYIAHMIE, 30KpeMd eK30nonicaxapuoie
oaxmepiti Bacillus, Pseudomonas, Klebsiella, na npoyecu ocadacenns ma snesoonenus. Pozenanymo napa-
Mempu, Wo 8nIUeaIoms Ha egheKmusHicme, 30Kpema 003yeanis, yac konmaxmy, pH i aepayiro. Iloconanns
Oioghnokynayii 3 mpaouyiuHuMy mMemooamu, maxkumu K YeHmpugyyeanus i MexaHiune YWilbHeHHs,
RIOBUYYE eeKMUBHICMb OUUWEHHSL, 3HUIICYIOUU CROJICUBANHS eHepell | peazenmis. Ocobnugy ysaey npudi-
JIEHO MOMNCIUBOCMAM BNPOBAONCEHHS OIOGROKYIAYIT HA OYUCHUX cnopydax YKkpainu, 0e Hympiume upoo-
HUYmMeEo OioMIOKYIAHMIE MIKDOOPSAHIZMAMU MOJCe 3aMIHuUmMu cunmemuyni nonimepu. Ilpoananizoeano
KIF0U081 YUHHUKU — CKIAO MIKPOpIOpU, Di3UKO-XIMIUHI 81ACMUBOCMI 0CAdy, YMOBU KVIbINUBYBAHHI — WO
8NIUBAIOMb HA CMAOLIbHICMb npoyecy. Busnaueno nepesazu 6ionoxynayii: eKonoeiuHicmb, SHUNCEHHS
MOKCUYHOCMI NPOOYKMI8, NOKpaujeHe 3He800HEHH s i SHUdICeHHA gumpam. Boonouac 6io3nayeno 6UKIUKU,
N0’ A3aHI 3 A0anmayiero MiKpoop2amiamis, 6apiadenbHiCmo CMIYHUX 800 i NOMPeb0I0 NOOANLUUX QOCTi-
0d1ceHb 0isl 8nPogaoddicerts mexrnonoeii. Omoice, 6ionOKyIAYIA € NEPCHEKMUBHUM HANPIMOM OISl NIOGU-
WEeHHs eqheKmUBHOCMI OUUWeHHA CMIYHUX 800 I 3He80OHEHHS 0CAdis, WO GION0BIOAE CYUACHUM €KOJO-
SIYHUM BUMO2AM | CNPUSIE CIATIOMY YAPABIIHHIO 8I0X00AMU.
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Abstract: This article evaluates the accuracy of calculating reference and actual evapotranspiration
using Virtual Visual Crossing Weather Data (VCWD) and automatic iMetos Base meteorological station
data in Polissya, Ukraine. The study confirmed the feasibility of calculating ETo and ETc using VCWD
meteorological data. The ETo calculation is 86,1 % accurate, with an RMSE and SEE error of 0,76 and
0,49 mm, respectively. The ETo calculation with correction factors for meteorological data increases its
accuracy by 1,4 %, and the RMSE error decreases by 0,08 mm. The most accurate calculations were
obtained using a correction factor of 1,1 to the calculated ETo. With the correction factor applied, the
ETo determination accuracy is 88,9 %, with RMSE and SEE errors of 0,58 and 0,54 mm, respectively. The
ETo data from VCWD were obtained with satisfactory accuracy, the largest errors in the MAPE, RMSE,
and SEE were 20,4 %, 1.09 mm, and 1,02 mm, respectively. For 2023-2024, the FEA, RMSE, and SEE
errors for ETo calculated from VCWD meteorological data, accounting for the 1,1 correction factor, were
10,0-12,2 %, 0,55-0,60, and 0,51-0,55 mm, respectively. During the research period, the MAPE, RMSE,
and SEE errors for this variant were 9,0 %—14,0 %, 0,52-0,63 mm, and 0,34-0,56 mm, respectively.
The calculation of absolute errors in determining ETo confirms that the most reliable data of reference
evapotranspiration are obtained using the correction factor. This option resulted in the smallest average
absolute error by years of research, which is 5 mm, and in 2024 this error was 0. In terms of months, the
smallest absolute error of 2 mm was observed in May and August, and the largest —13 mm in September.

The results of the calculations of actual evapotranspiration (ETc) of crops showed that using a correction
factor of 1,1 to ETo increases the accuracy of ETc calculations. The mean absolute relative error (MAPE)
decreased by 2,1 % for all crops, and the root mean square error (RMSE) decreased by 0,16, 0,15, and
0,09 mm for corn, potatoes, and blueberries, respectively. The average absolute ETc errors by year of
research using a correction factor of 1,1 for ETo were 15,7, and 11 mm for corn, potatoes, and blueberries,
respectively. In May, June, and July, the calculated ETc for corn seed was 11,6, and 8§ mm lower than the
actual values. In August and September; it was 1 and 9 mm higher, respectively. This trend in the errors
distribution is also observed for potatoes and blueberries.

Keywords: virtual weather station, reference evapotranspiration, actual evapotranspiration, corn,
potatoes, blueberries, accuracy, IEA errors, RMSE errors, and SEE errors

Relevance of the study. The Penman — for calculating reference evapotranspiration

Monteith method (FAO56-PM) is widely used
in irrigation management today. While the use of
various meteorological data is an advantage of
this method, it is also a disadvantage because not
all the necessary data are always available. This is
because not all the meteorological data necessary

(ETo) using the Penman-Monteith method are
always available. ETo is most often calculated
using automated weather stations (AWS), but
these must be equipped with all the necessary
climate sensors, which increases their cost,
which is already considerable. The sensors used
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at AWS must be periodically checked and have a
service life of 3—5 years. During operation, it is
necessary to monitor the sensors and clean them
periodically, as well as monitoring the station’s
power supply, especially in winter. In the absence
of communication, there is a risk of data loss, and
the range of the AWS is up to 5 km or 8 thousand
hectares.

Given the high cost of AWS and all its
shortcomings, the calculation of ETo by the
Penman-Monteith method using data from
virtual weather stations (VWS) is of practical
importance. The Visual Crossing Weather Data
(VCWD) virtual weather station was chosen
to calculate the ETo. It provides easy access
to hourly or daily climate data for the entire
world, including forecast data for the next 15
days. Its archive includes more than 50 years of
global weather history. In addition to the usual
meteorological indicators, such as temperature
and relative humidity, wind speed, precipitation,
powerful features such as solar radiation and
energy, degree days, reference evapotranspiration,
and weather forecast are available. All data
from the site is available for download via the
weather data request page and the weather API.
The datasets are displayed in a table, which is
available in several formats. One of the powerful
features of VCWD is the ability to import data
into most business intelligence systems, Excel
and others for further processing.

Analysis of recent research and
publications. Much attention has been paid to
the issue of determining crop evapotranspiration
(ETc) and its accuracy [1, 2]. Accurate estimation
of reference evapotranspiration (ETo) is crucial
for determining crop water requirements.
However, the lack of appropriate weather
stations, especially in arid areas, can negatively
affect the accuracy of ETc estimates. Studies
conducted in the Persian Gulf and Gulf of Oman
basin (western and southwestern Iran) [3] to
evaluate the performance of three datasets ERAS,
ERAS5-Land, and WaPOR for ET estimation
emphasize that ERAS5 demonstrates better overall
performance compared to other datasets in ET
estimation. However, WaPOR performed better
at high-altitude stations with heterogeneous
topography than the reanalysis of ERAS5 and
ERAS5-Land. Thus, none of the datasets could
provide accurate ETo estimates for all stations
within the basin. Studies evaluating the accuracy
of the daily reference evapotranspiration [4]
calculated using NASA POWER reanalysis
products in the Mediterranean climate (southern
Portugal) indicate that when using the raw NASA
POWER datasets, good accuracy between the

calculated and observed ETo was observed at most
locations. The LSA-SAF products [5] showed a
high potential for accurate ETo calculation for
continental Portugal, but low accuracy for the
Azores. The study [6] evaluated the data quality of
GLDAS-1,NLDAS-2, CFSv2, gridMET, RTMA,
and NDFD weather products for ETo calculation.
The results were compared with 103 weather
stations located in well-moistened areas of the
United States. ETo and the climate data used to
calculate it were compared. The meteorological
datasets from virtual weather stations
overestimate the reference evapotranspiration
obtained from ground-based weather stations,
with an average deviation ranging from 12
to 31 %. The overestimation is mainly due to
overestimation of air temperature, shortwave
radiation, wind speed, and underestimation of
relative humidity. These results indicate that
virtual weather station data should be carefully
evaluated before replacing agricultural weather
station data. Correction procedures can make
virtual weather station data more suitable for
ETo calculation. Current evapotranspiration
estimation methods are typically based on ETo
calculations using data from scattered weather
stations, many of which may be located in
partially or totally dry environments with no
evaporation. Such data and the calculated ETo
may suffer from a shift in aridity relative to the
ETo characteristic of irrigated conditions. Study
[2] developed an algorithm for processing climate
data to quantify the impact of surface aridity on
the calculation of reference evapotranspiration.
The conditioning algorithm is based on standard
equations of the surface energy balance and the
relationship between the flow and profile of
air masses, which can be applied to both point
weather station data and virtual weather station
weather datasets. The calculation of the reference
evapotranspiration using the Penman-Monteith
equation requires extended weather data, but
the relevant datasets are often unavailable,
incomplete, or of uncertain quality. The study
[7] discusses computational procedures related
to the prediction of missing variables from
temperature, i.e., the RM temperature approach
(RMTA) and the estimation of ETo using the
Hargreaves-Samani  (HS) equation. Since
the results of ETo in the HS equation depend
almost linearly on air temperature, the RMT
approach, which uses climate data estimates,
is able to mitigate these temperature effects.
An obvious advantage of the RMT approach is
that it allows the use of available weather data
in combination with estimates of missing data,
which results in more accurate ETo calculations.
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The calculation of actual evapotranspiration
(ETa) usually requires the measurement of several
atmospheric and evaporative surface variables. In
a linear generalized model (GLM), the dependent
variable is linearly related to the factors and
co-variables through functional relationships.
To calculate the daily actual evapotranspiration
(ETa) of barley crops in the eastern Argentine
Pampa, data from the meteorological and energy
balance were used [8]. A linear generalized model
(GLM) was obtained to calculate ETa from using
meteorological data measured at the stations.
The model has shown good efficacy and can be
applied and tested on other large plains.
Quantifying water consumption by the agri-
cultural sector requires continuous monitoring
at different spatial scales from one hectare to a
basin. However, providing spatially distributed
information for large areas makes the use of
on-site measuring devices impossible. Earth
observation satellites and remote sensing tech-
niques offer an effective alternative in assessing
water use. However, in order to implement
an operational monitoring system based on
remote sensing data, it is necessary to establish
approaches with reliable protocols to obtain
information at the required spatial and temporal
scale [9]. Landsat imagery combined with the
METRIC model is used in the EEFlux program
to estimate actual evapotranspiration in irrigated
areas, with uncertainty as to whether the results
are sufficiently accurate at local scales. A study
to assess the accuracy of the obtained indicators
was conducted for irrigated areas in the northern
state of Sinaloa (Mexico) from 1995 to 2018
[10], comparing temporal and spatial estimates
using Landsat images and the METRIC model
with locally measured weather data and EEFlux.
The results of the analysis confirm differences
that are closely related to crop growth, with a
daily average absolute error of 1.17 mm/day. The
spatial analysis showed that when using only
arable land pixels without non-arable land pixels
in EEFlux, R’increases from 0,36 to 0,73 and
RMSE decreases from 2,52 to 1,98 mm/day.
The aim of the study was to assess the
accuracy of the calculations of reference (ETo)
and actual (ETs) evapotranspiration according
to the data of the virtual weather station Visual
Crossing Weather Data (VCWD) and compare
them with the actual data obtained from the
automated Internet weather station iMetos base.
Materials and methods. The meteorological
data for this study were obtained from VWS
Visual Crossing Weather Data [11] for the period
2023-2024 and from AWS iMetos Base from
Pessl Instruments [12], which is located at the
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experimental site of LLC “Agrofirma Kyivska”,
Makovyshche village, Makariv district, Kyiv
region (50.4574°N, 29.8949°E).

To analyze and -calculate the reference
evapotranspiration (ET,), the average daily
meteorological data: average air temperature
(Ta) and dew point (Tdew), wind speed (u,)
and total solar radiation (Rs) were used. The
reference evapotranspiration, based on VCWD
meteorological data, was calculated using the
Penman-Monteith FAO56-PM method [13]:

900
uZ(es _ea)
ET, = T+273 (1)
A+y(1+0,34u2)

0,408A(R, —G)+7v

where ET,is the reference evapotranspiration,
mm/day; Rn is the net radiation on the plant
surface, MJ/m2-day; G is the density of the soil
heat flux, MJ/m?-day; 7Ta is the average daily air
temperature at a height of 2 m, “C; u,,is the wind
speed at a height of 2 m, m/s; e, is the saturated
vapor pressure, kPa; e, ,the actual pressure, kPa;
A is the gradient of the vapor pressure curve,
kPa/” C; v is the psychometric constant, kPa/C.

To calculate e;and e, the mean air temperature
and dew point values were used, respectively. The
average wind speed was calculated for a height of
2 m. The other parameters included in formula
(1) were calculated according to the FAO56-PM
methodology [13].

The calculated reference evapotranspiration
was compared with the actual ET,obtained from
the AWS iMetos database.

Crop evapotranspiration was calculated using
the formula [13]:

ET. =ET,-K,. )

where ET. is evapotranspiration, mm/day; K is
the crop coefficient.

Tossess the accuracy of the calculations of
the reference and actual evapotranspiration, the
MAPE (Mean Absolute Percent Error), RMSE
(Root Mean Square Error), SEE (Standard Error
of Estimate), and AE (Absolute Error) were
determined [14—17]:

_l Xy . %
MAPE = . Z - 100% . 3)
RMSE= 3 (x-3) . @)
1 o [Ze-n)0-)]
SEE = -y) - .(5
EE \/(n_z)[(y ) (e-3) ] (6))
AE=x-y. (6)
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Accuracy(%)=100%— MAPE(%)  (7)

where x — ET{(,) or ET. according to the iMetos
Internet weather station; y — E7(,) or ETc
calculated according to VCWD (FAO56-PM);
n — sample size.

Results of the study. A comprehensive
assessment of meteorological data obtained from
the Visual Crossing Weather Data (VCWD)
virtual weather station for the conditions of
Polissya of Ukraine, which are necessary for the
calculation of ETo, was carried out in previous
studies [18].

The analysis of the calculation of the reference
evapotranspiration by the Penman-Monteith
method (FAO56-PM) using meteorological data
from Visual Crossing Weather Data indicates
that the result obtained is of good accuracy.

Thus, when using meteorological data from
VCWD (Fig. 1a), the calculation accuracy is
86,1 %, and the RMSE and SEE errors are
0,76 and 0,49 mm, respectively (Table 1).
The calculation of ETo taking into account
the correction factors for meteorological data
(Fig. 1b), which we obtained earlier, increases
the accuracy of ETo calculations by 1,4 %, and
the RMSE error decreased by 0.08 mm. The SEE
error, on the contrary, increased by 0,10 mm.
The most accurate calculations were obtained
using the correction factor to the calculated ETo
according to VCWD meteorological data, which
is 1,1 (Fig. 1c¢). Thus, taking into account the
correction factor, the accuracy of determining the
ETo is 88,9 %, and the RMSE and SEE errors,
respectively, are 0,58 and 0,54 mm. In the VWS
Visual Crossing Weather Data setup menu, there

8 .

~N

y =0,7841x + 0,4464
6 R*=0,795

ETo VCWD (FAO56-PM), mm-day

2% ®_ _ _jine11

Liner regression

0 iy
0 1 2 3 4 5 6 7 8
ETo iMetos, mmday

y =0,9356x - 0,0476
R2=0,7954 ¢

A N

® 9P
é - =Lline1:1

Liner regression
L L

(€]

ETo VCWD (FAO56-PM), mm-day
w »

e
0 1 2 3 4 5 6 7 8
ETo iMetos, mmday

a) ETo bt VCWD meteorological data

b) ETo with correction factors to VCWD
meteorological data

oo

y = 0,8625x +0,4911
R?=0,795

~

)]

ETo VCWD (FAO56-PM), mm-day
w » [0,

2
o
6 — = —=Llinel:1
1
, Liner regression
0 +————t— ]

0 1 2 3 4 5 6 7 8
ETo iMetos, mm-day

9 o
o) o
8 + y=0,8636x+0,9839 o .
R?=0,5253 g
= 7 9 o
€6
£
a5
2
£ 4
(o]
=3
2 .
- = =Lline1l:1
. o8 & . .
6 Liner regression
7
[ e e e e e e e e
o 1 2 3 4 5 6 7 8 9
ETo iMetos, mm-day

¢) ETo according to meteorological data
VCWD with a correction factor of 1.1

d) ETo by the VCWD data

Fig. 1. Regression analysis for verification of the calculated ETo by the Penman-Monteith method
using VCWD meteorological data
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1. MAPE, RMSE, and SEE for the calculated ETo (mm) using the Penman-Monteith method based
on VCWD meteorological data (by observation periods)
Observation MAPE error RMSE error SEE error
period 1 2 3 4 1 2 3 4 1 2 3 4
sir 13,9 | 12,5 | 11,1 | 20,4 | 0,76 | 0,68 | 0,58 | 1,09 | 0,49 | 0,59 | 0,54 | 1,02
2023 14,9 | 14,1 | 10,0 | 13,6 | 0,78 | 0,75 | 0,55 | 0,74 | 0,46 | 0,62 | 0,51 | 0,70
2024 12,9 | 10,9 | 12,2 | 27,2 | 0,74 | 0,60 | 0,60 | 1,35 | 0,50 | 0,54 | 0,55 | 1,19
May 14,5 | 13,6 | 9,3 | 12,1 | 0,83 | 0,82 | 0,58 | 0,74 | 0,52 | 0,69 | 0,57 | 0,58
June 16,2 | 15,6 | 11,8 | 11,9 | 0,87 | 0,80 | 0,62 | 0,64 | 0,51 | 0,66 | 0,56 | 0,61
July 15,2 | 13,5 | 11,0 | 14,5 | 0,88 | 0,74 | 0,63 | 0,84 | 0,51 | 0,65 | 0,56 | 0,86
August 11,2 94 | 9,0 | 20,0 | 0,66 | 0,57 | 0,52 | 1,09 | 0,46 | 0,55 | 0,50 | 0,90
September | 12,6 | 10,7 | 14,0 | 43,9 | 0,48 | 0,44 | 0,52 | 1,78 | 0,31 | 0,34 | 0,34 | 0,64

1 — ETo according to VCWD meteorological data; 2 — ETo with correction factors for VCWD meteorological data;
3 —ETo according to VCWD meteorological data with correction factor 1,1; 4 — ETo according to VCWD data.

is a paid option for calculating ETo, which costs
$150 per month. The verification of ETo data
obtained from VCWD and actual data (Fig. 1d)
showed a satisfactory accuracy of the result.
The errors of MARE, RMSE, and SEE were the
largest and equaled to 20,4 %, 1,09, and 1,02 mm,
respectively (Table 1).

For the study period of 2023-2024, the errors
of MAPE, RMSE, and SEE for ETo calculated
from VCWD meteorological data, taking into
account the correction factor of 1,1, were
10,0-12,2 %, 0,55-0,60, and 0,51-0,55 mm,
respectively. In terms of months of research, the
errors of MAPE, RMSE, and SEE for this variant
were in the range of 9,0-14,0 %, 0,52—0,63, and
0,34-0,56 mm, respectively.

The calculation of the absolute errors in
determining ETo also confirms that the most
reliable reference evapotranspiration data
are obtained using a correction factor of 1,1

to ETo, which was determined from VCWD
meteorological data. Thus, this variant resulted in
the smallest average absolute error over the years
of research, which is 5 mm. In 2024, this error
was 0 (Table 2). In terms of months, the smallest
absolute error of 2 mm was in May and August,
and the largest was 13 mm in September.

When calculating ETo from VCWD meteo-
rological data, the average absolute error over
the years of research was 66 mm, and the use of
correction factors for VCWD meteorological data
in the calculations reduces the absolute error by
22 mm. In 2023 and 2024, the total ETo obtained
from VCWD was 662 and 747 mm, respectively,
which is 31 and 70 mm more than the actual values
obtained from AWS iMetos (Table 2).

According to the results of calculations of
evapotranspiration (ETc) of crops, it was found
that the use of a correction factor of 1,1 to the
calculated ETo increases the accuracy of ETc

2. Absolute errors of ETo, mm (by observation periods)

Observation Total ET,, mm Absolute error
period iMetos 1 2 3 4 1 2 3 4
average 654 588 610 649 705 66 44 5 =51
2023 631 564 575 622 662 67 56 9 =31
2024 677 613 645 677 747 64 32 0 =70
May 129 114 121 128 133 15 8 2 —4
June 142 122 128 134 138 20 14 8 4
July 158 137 146 151 157 21 12 7 1
August 137 123 131 135 154 14 6 2 -17
September 88 92 84 101 123 —4 4 -13 =35

1 — ETo according to VCWD meteorological data; 2 — ETo with correction factors for VCWD meteorological data;
3 — ETo according to VCWD meteorological data with correction factor 1.1; 4 — ETo according to VCWD data.
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calculations (Fig. 2—4, Table 3—4). Thus, the MAPE
error decreased by 2,1 % for all crops. The RMSE
errors for corn, potatoes and highbush blueberry

decreased by 0,16, 0,15 and 0,09 mm, respectively.
The SEE error, on the contrary, increased
by 0,02—0,05 mm depending on the crop.
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Fig. 2. Regression analysis for verification of the calculated seed corn ETc
by the Penman — Monteith method
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3. MAPE, RMSE and SEE for the calculated ETc (mm) by the Penman — Monteith method
(by observation periods)
Observation MAPE error RMSE error SEE error .
period Corn | Potatoes EllgthSh Corn | Potatoes Highbush Corn | Potatoes Highbush
ueberry blueberry blueberry
average 13,7 13,7 13,7 0,741 0,69 0,40 0,50 | 0,47 0,27
2023 p. 14,2 14,2 14,2 0,73 ] 0,69 0,40 0,46 | 0,43 0,25
2024 p. 13,1 13,1 13,1 0,76 | 0,70 0,39 0,54 | 0,50 0,27
May 14,2 14,2 14,2 0,28 | 0,29 0,44 0,16 | 0,18 0,28
June 16,1 16,1 16,1 0,65| 0,61 0,46 0,37 | 0,35 0,27
July 15,0 15,0 15,0 1,07 ] 0,99 0,46 0,61 0,56 0,27
August 10,5 10,5 10,5 0,75 0,69 0,33 0,54 | 0,49 0,25
September | 12,7 12,7 12,7 024 0,24 0,25 0,17 0,16 0,17

4. MAPE, RMSE and SEE for the calculated ETs (mm), taking into account the correction factor
of 1,1 by the Penman-Monteith method (by observation periods)

Observation MAPE error' RMSE error. SEE error '
period Corn | Potatoes Elllghbush Corn | Potatoes Highbush Corn | Potatoes Highbush
ueberry blueberry blueberry
average 11,6 11,6 11,6 0,58 | 0,54 0,31 0,55 0,52 0,29
2023 9,8 9,8 9,8 0,53 0,50 0,29 0,50 | 0,47 0,27
2024 13,3 13,3 13,3 0,62 | 0,58 0,33 0,59 | 0,55 0,30
May 9,3 9,3 9,3 0,17 | 0,20 0,31 0,17 | 0,20 0,30
June 11,8 11,8 11,8 0,47 | 0,45 0,33 0,41 0,39 0,30
July 11,0 11,0 11,0 0,77 | 0,71 0,33 0,67 | 0,62 0,30
August 9,5 9,5 9,5 0,64 | 0,59 0,28 0,59 | 0,54 0,27
September | 16,0 16,0 16,0 0,36 | 0,34 0,30 0,19 | 0,18 0,19

The average absolute errors of ETc for the
years of research using a correction factor of
1.1 to the calculated ETo for corn, potatoes and
blueberries were 15,7 and 11 mm, respectively
(Table 5). In May, June, and July, the
calculated ETc for corn was 11, 6, and 8 mm
less than the actual values, and in August and
September, respectively, it was 1 and 9 mm
more. This trend in the distribution of errors
is also observed for potatoes and blueberries.

According to the results of the research, the
actual evapotranspiration of corn, potatoes
and highbush blueberry in 2023-2024 was
514-535 mm, 443-472 mm and 310-345 mm,
respectively. The obtained results confirm
the high accuracy of determining ETc by the
Penman-Monteith method using adapted crop
coefficients and using the calculated ETo
according to the data of the Visual Crossing
Weather Data virtual meteorological station

5. Absolute errors of ETs, mm, taking into account the correction factor of 1,1 (by observation periods)

.g 3 ETc iMetos ETC(FIA%E ;f g_;ﬁ;ND Absolute error
%) & Corn | Potatoes I]jﬁlge}]lljeuSh Corn | Potatoes I]jllg}g)uSh Corn | Potatoes I]jllg}ﬂjuSh
o) Ty ueberry ueberry
average | 535 472 332 520 465 321 15 7 11
2023 527 452 314 508 447 302 19 5 12
2024 543 491 350 531 483 341 12 8 10
May 45 51 59 34 47 47 11 4 12
June 97 98 75 92 91 71 6 7 4
July 190 167 83 182 160 80 8 7 3
August 152 121 72 153 125 73 -1 —4 0
September | 50 35 42 59 42 50 -9 -7 -8
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Conclusions.

1. The results of the research confirmed the
possibility of calculating ETo and ETc using the
data of the virtual meteorological station Visual
Crossing Weather Data.

2. Toimprove the accuracy of ETo calculation
in the Polissya region of Ukraine, it is necessary to
use a correction factor of 1,1. Taking into account
the correction factor, the accuracy of determining
ETo is the highest and amounts to 88,9 %, and
the RMSE and SEE errors are the smallest and
equaled to 0,58 and 0,54 mm, respectively.

3. According to the results of the verification,
the ETo obtained from the VCWD and the actual
one showed its satisfactory accuracy, which was
79,6 %, and the RMSE and SEE errors were
the highest and amounted to 1,09 and 1,02 mm,
respectively.

4. It was found that the use of a correction
factor of 1,1 to the calculated ETo increases the
accuracy of ETc calculations. Thus, the MAPE
errors are reduced by 2,1 % for all crops, and
the RMSE errors for corn at seeds, potatoes, and
highbush blueberry are reduced by 0,16, 0,15,
and 0,09 mm, respectively.

5. It was found that the average absolute
errors of ETc over the years of research using a
correction factor of 1,1 to the calculated ETo for
corn for seed, potatoes, and blueberries were 15,
7 and 11 mm, respectively.

6. The obtained results confirm the high
accuracy of determining ETc by the Penman-
Monteith method using adapted crop coefficients
and using the calculated ETo from the data
of the Visual Crossing Weather Data virtual
meteorological station
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Anomayia. Y cmammi npogedeHo OYiHKy MOYHOCMI PO3PAXVHKY emanioHHoi ma  @DaxkmuyHoi
esanompaucnipayii 3a oanumu eipmyanvroi Visual Crossing Weather Data (VCWD) ma asmomamuunoi
(iMetos Base) memeoponoeiunoi cmanyii ons ymoe Illoniccsa Yxpainu. 3a pesynemamamu 00CHioiceHy
niomeepoicerno modxcausicms pospaxyuky ETo ma ETc 3 euxopucmarnusm memeoponoeiunux oanux VCWD,
mounicme pospaxyuxy ETo cmanosums 86,1 %, a noxubxku RMSE ma SEE gionogiono cmarnognams 0,76
ma 0,49 mm. Pospaxynox ETo 3 ypaxysanuam nonpagouHux xoeqiyienmis 00 Memeoporociunux OaHux
niosuwgye moynicmo pospaxyuxie ETo na 1,4 %, a noxuoxka RMSE smenuyemoca na 0,08 mm. Hauibinow
MOYHI PO3PAXYHKU OMPUMYIOMBCS 3 BUKOPUCTHAHHAM NONPagounozo koeiyienmy 1,1 0o obuucnenoi ETo.
3 ypaxysanusim nonpasournoco koegiyiecnmy mounicmo eusnavenns ETo cmanosums 88,9 %, a noxudxu
RMSE ma SEE sionogiono cmanogiamo 0,58 ma 0,54 mm. [ani ETo 3 VCWD ompumano i3 3a008i1bH00
mounicmio, a noxubku MAPE, RMSE ma SEE 6ynu natibinewumu i ¢ionosiono cmarosuiu 20,4 %, 1,09
ma 1,02 mm. 3a 2023-2024 pp. oocrioxncenv noxuoxu MAPE, RMSE ma SEE ona ETo pospaxoeanoi 3a
memeoponoziunumu oanumu VCWD 3 ypaxysaunam nonpagourozo koegiyienmy 1,1 6i0nogiono cmanosuiu
10,0-12,2 %, 0,55-0,60 ma 0,51-0,55 mm. B pospizi micayie docnioocenv noxuoku MAPE, RMSE ma
SEE ons yboeo eapianmy 8i0nogiono 3naxoounucv ¢ medcax 9,0-14,0 %, 0,52-0,63 ma 0,34—0,56 mm.
Pospaxynox abcomromuux noxubox eusnauenuss ETo niomeepooicye, wo Haudintbur 00CmogipHi Oami
emanoHHoI e6anompancnipayii OmpumMylomscs 3 GUKOPUCMAHHAM NONPABOUH020 Koeiyicnmy. 3a ybo2o
sapianmy 6y10 OMpUMAHO HAUMEHULY CEPEeOHI0 ADCOTIOMHY NOXUOKY 3a POKAMU OOCAI0INHCEHb, IKA OOPBHIOE
S mm,a y 2024 poyi ysa noxubka dopisurosana (. B po3pizi micayie HalimeHuia abconiomua noxuoxa 2 um
cnocmepieanacs y mpasHi ma cepnti, a Hatlbinvwia -13 mm y 6epecHi.

3a pesynemamamu pospaxynxie gaxkmuunoi esanompancnipayii (ETc) cinbcbrozocnodapcokux Kyivmyp
BCAHOBIEHO, WO BUKOPUCAHHA Nonpagounozo koegiyicumy 1,1 0o ETo nidguwyye mounicme pospa-
xynxie ETc. Ioxubka MAPE suuzunace na 2,1 % ons ecix xynemyp, a noxubrxa RMSE ons kyky-
PYO3u HA HACIHHA, KAPMONIL mda JOXUHU WUMKOB0T 8i0nosioHo 3nuzunuce Ha 0,16, 0,15 ma 0,09 mm.
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Cepeoni abconromni noxudku ETc 3a poxamu docniodcenb 3 GUKOPUCIANHAM NONPABOYHO20 Koeiyicunmy
1,1 00 ETo 0nst KyKypyO3u Ha HACIHHA, KAPMONIL MA IOXUHU WUMKOBOT 8i0n06ioHo cmarnosunu 15, 7, 11 mm.
B mpasni, yepsni ma nunui pospaxoeana ETc 0ns KyKypyo3u Ha HACIHHA 6i0nosioHo Ha 11, 6 ma 8 mm
MeHule 3a paxmuuui 3SHAYeHHs, a 6 CepnHi ma eepecHi 8ionosiono na 1 ma 9 mm binvwe. Taxa mendenyis
PO3n00iny NOXUOOK chocmepi2cacmocsl i 01 Kapmonai ma JTOXuHU WUmMKOSoI.

Knrwwuosi cnosa: sipmyanvha memeocmanyis, emaioHHa e6anompancnipayis, Gakxmuyna eeanompan-
cnipayis, KyKypyo3d, KapmonJs, JOXUHA wumxosda, mounicms, noxuboku MAPE, noxubxu RMSE ma
noxuboku SEE
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Abstract. The aim of the research was to determine the productivity of the Ingulsky corn hybrid of the
medium-ripening group of maturity depending on seed and plant treatment during the growing season
when applying Regoplant and Vermystym biostimulants, as well as the effect of a plant density in different
moisture conditions. Methods. The field laboratory and mathematical and statistical methods were used
in the course of the research. Results. Irrigation provided an increase in the yield of silage mass by
1,4-2,2 times. Thus, on average, over three years, the highest productivity of corn for silage was observed
when having a plant density of 90 thousand/ha without applying biostimulants — 48,6 t/ha and with
applying biostimulants — 59,3—64,7 t/ha. The highest dry matter yield of 17,3—18,5 t/ha, feed unit yield of
16,1-17,4 t/ha and digestible protein content of 0,75—0,82 t/ha was obtained when biostimulants were
applied when having a plant density of 90 thousand/ha. It was found that in non-irrigated conditions,
the highest grain yield was 3,1-4,7 t/ha on the variant with a plant density of 30 thousand/ha. Applying
Regoplant biostimulant provided an increase in grain yield by 1,6 t/ha, while applying Vermystym
biostimulant provided an increase in grain yield by 1,2 t/ha, respectively. Conclusions. In non-irrigated
conditions, it is necessary to apply Vermystym biostimulant with a sowing rate of 70 thousand/ha to obtain
the highest yield of fodder units of 9,6 t/ha and 0,42 t/ha of digestible protein content from corn green mass.
In irrigated conditions, the seeding rate should be increased to 90 thousand/ha and Regoplant biostimulant
should be used to obtain the highest yield of feed units of 17,4 t/ha and 0,87 t/ha of digestible protein
content. The cultivation of the Ingulsky hybrid corn for grain in non-irrigated conditions provided the
highest yield of 4,7 t/ha with a plant density of 30 thousand/ha and applying Regoplant biostimulant. In
irrigated conditions increasing a plant density to 70 thousand/ha and applying Regoplant biostimulant
provided the maximum yield of 11,2 t/ha.

Key words: corn, biostimulants, plant density, irrigation, fertilization, productivity

Relevance of the research.. Corn is one of
the most valuable fodder crops, which provides
livestock with juicy fodder (green mass, silage) and
valuable fodder grain. The highest quality silage is
obtained when it is mowed for vegetative mass in
the phase of milk-wax and waxy grain ripeness.
The nutritional value of 1 kg of green mass during
these periods is 0,22-0,26 and 0,27-0,32 feed
units, respectively. One kilogram of corn grain
is equivalent to 1,34 feed units, while 1 kilogram
of barley is equivalent to 1,26 feed units, rye —
to 1,18, and oats — to 1.0 feed units. It contains
65—70 % carbohydrates, 9-12 % protein, 4—8 % fat
and a small amount of fiber [1, 3, 10].

The average grain yield reaches 6-7 t/ha,
although the potential productivity is much higher.
When using high-yielding hybrids, moisture
supply and modern growing technologies, grain
yield can reach 10-12 t/ha [4, 8, 10, 24, 25].

An insufficient yield of this crop is also
observed in the southern region of the country.
In this regard, it is important to realize the
genetic potential of modern corn hybrids
through the use of irrigation, fertilizers and plant
growth bioregulators in improved cultivation
technologies, which create more optimal
conditions for their growth and development,
increase resistance to adverse environmental
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factors, increase yield and improve the quality
of the grown products.

However, the effect of growth bioregulators
on the forage productivity of new hybrids of
grain-forage corn in the modern conditions of the
southern region has not been sufficiently studied
yet, which proves the relevance of research.

Analysis of recent research and
publications. An important condition for
obtaining high productivity of corn is the use of
a set of optimal agrotechnical measures in view
of the characteristics of the soil and climatic
cultivation zone, where the sowing density
plays an important role. Researchers point to its
lower effect on the formation of aboveground
mass under irrigation compared to the effect
of mineral fertilizers [2, 5]. With insufficient
moisture supply, the advantages of thickened
crops decrease [7].

Treatment with growth bioregulators leads
to an increase in plant height, leaf surface area
of crops, accumulation of fresh mass and dry
matter. With improved moisture supply under
irrigation, the effectiveness of the use of growth
bioregulators increases due to synergy and
optimization of plant production processes [2,
12, 14].

In the conditions of Polissya, when using
Biogran and Polymyxobacterin preparations for
corn, an increase in crop yield of up to 20 % was
recorded over a ten-year period. The effective
action of biological preparations on crop
productivity without deterioration of product
quality in field conditions is 85-90 % [1].

In the conditions of the northern Steppe of
Ukraine, the treatment of corn seeds with chelate-
based biological preparations contributed to the
enhanced growth intensity in the initial stage and
increased grain yield. The highest effectiveness
was obtained when using the complex microbial
preparation Biogran, the complexes of trace
elements Reastim-humus, and Reakom-S corn. The
effectiveness of the preparations was determined
by the background of mineral nutrition [17].

The study the effectiveness of the use of
Biogran biopreparations for corn (green mass)
in the system of biological and organo-mineral
farming in the conditions of the Volyn RS of
the Institute of Western Polissya Agriculture of
NAAS on drained sod-podzolic soils, revealed
that using Biogran biopreparations increases the
content of nitrogen compounds in the soil by
4-14% under the organo-mineral fertilization
system. The use of Biogran and Microhumin
preparations against the background of different
fertilization systems increased in the yield
of grain-forage crops: corn for green mass by

6,3 t/ha and spring barley — by 0,4 t/ha, compared
to the control [13].

Treatment of seeds and plants in the 3-5 or
7-9 leaf phase with the microbial Polimilxo-
bacterin preparation increases crop yield by
2.4 t/ha, protein content in grain by 0,6—1,4 % and
starch by 7,9—8,9 %. With the combined use of
seed bacterization and plant treatment during the
growing season, the number of grains, corn cob
length and thousand-grain weight significantly
increase by 11 % [19, 20].

Plant growth bioregulators reveal the genetic
potential of new morphobiotypes, increasing the
efficiency of irrigation, which in turn contributes
to increasing the profitability of their use [9, 15].
The use of growth bioregulators is especially
important in crops of self-pollinated corn lines,
which are characterized by low germination
energy, weak initial growth, and sensitivity to
damage by pests and phytoinfections [3, 8, 9].

It was established that the use of plant growth
bioregulators and micronutrients improves nutrient
absorption, enhances photosynthesis processes,
increases plant resistance to high and low
temperatures, lack of moisture, phytotoxic effects
of pesticides, and damage by diseases and pests,
increases yield, and contributes to the maximum
use of plants’ potential [6, 15, 16, 18, 23].

In the southern region of the country, the use
of plant growth bioregulators “Grainactiv-S”
and “Sizam-Nano” reduced the use of chemicals
and increased plant resistance to adverse
environmental factors under irrigation. Growing
mid-season and mid-late-season corn hybrids
such as Zbruch, Kakhovsky, DN Getera, Arabat
when using innovative growth stimulants and
micronutrients allowed obtaining grain yields of
11,1-13,4 t/ha on irrigated dark chestnut soils of
southern Ukraine [3].

Thus, scientists confirm that plant growth
bioregulators and micronutrients can take an
important place in the system of improving
corn grain production technology. However, the
impact of new plant growth bioregulators on the
feed productivity of high-yielding hybrids of
grain-feed corn in modern conditions of southern
Ukraine has not been sufficiently studied yet.

Research objectives and methodology.
The purpose of the research was to substantiate
theoretical provisions and improve existing
technologies for growing corn by increasing its
productivity under irrigation and non-irrigation
conditions when using a complex of agro-
technical measures. To achieve these goals, it
was necessary to investigate the productivity of
a mid-ripening corn hybrid when treating seeds
and plants during vegetation with plant growth
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bioregulators, as well as the effect of stand density
under different moisture supply conditions.
Field and laboratory studies were conducted
according to the research methods in 2016-2018
on irrigated lands of the Institute of Climate-
Oriented Agriculture of the NAAS of Ukraine
[11, 21, 22].

Soils are dark chestnut, slightly saline,
medium loamy with a humus layer of 45-50 cm.
The humus content in the arable soil layer
(0-30 cm) is 2,8-3,4%, hydrolyzed nitrogen
content is 4,5-5,5 %, mobile phosphorus content
is 4,0-6,0 mg per 100 g of soil, exchangeable
potassium content is 40 mg per 100 g of soil.
The minimum moisture-holding capacity in the
0-50 cmofsoil layeris 23,2 %, 0-100 cm—21,5 %,
0-150 cm — 21,3 %. The withering point is 11,4;
11,6; 11,9 % to an over-dry weight, respectively.
To determine the feed value of grain, a certified
analytical laboratory of the institute was used.

The agricultural technology of crop growing
was generally accepted for the zone. Sowing was
performed in the third decade of April. Ingulsky
(FAO-350) corn hybrid was sown, on irrigated
and non-irrigated areas with a seeding rate of 30,
50, 70 and 90 thousand seeds/ha. The sown area
was 50 m?, the accounting area was 20 m?.

Crops were sown when applying mineral
fertilizer Ny, in the form of ammonium nitrate
applied in the period of pre-sowing cultivation.
Regoplant (seed treatment rate is 250 ml/tand plant
treatment rate is 50 ml/ha) and Vermistim (seed
treatment rate is 10 1/t and plant treatment rate is
8 I/ha) regulators were used. The active substance
of the Regoplant regulator is a complex of
biologically active compounds (polysaccharides,
15 amino acids, analogues of phytohormones
of cytokinin and auxin nature), biogenic trace
elements, potassium salt of alpha-naphthylacetic
acid and aversectin C. The active substance of the
Vermistimregulator includes such biocomponents
as humates, fulvic acids, amino acids, vitamins
and natural phytohormones.

Plant growth bioregulators were applied
for the first time in the 57 leaf phase, and for
the second time in the 8-10 leaf phase. On
average, the total irrigation rate over three years
was 3000 m’. Irrigation was performed with a
DDA-100MA sprinkler.

Weather conditions during the years of research
were characterized by high temperatures and
droughts in the summer. In 2016 the precipitation
was 87 % for June-August period, in 2017 — 22 %
and in 2018 — 101 % of the norm.

Research results. One of the tasks of
optimizing the production process is to form
the optimal density of corn crops. Thus, on
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average for 2016-2018, under non-irrigated
conditions, the highest productivity of corn per
silage mass was when having a plant density of
70 thousand/ha with a yield of 29,2-36,3 t/ha,
dry matter content of 7,7-10,8 t/ha, yield of feed
units of 7,0-9,6 t/ha, digestible protein content of
0,29—0,42 t/ha and metabolic energy of 74—104 GJ
(Table 1). Under these conditions, when having a
plant density of 30 thousand/ha, the yield of feed
units decreased by 48-50 %, digestible protein
content by 48-55%. When having a density of
50 thousand/ha, there was a decrease in feed units
by 14-22 9% and in digestible protein content by
17-22 %. When having a plant stand density of
90 thousand/ha, there was a decrease in the yield
of feed units by 6-21 % and in digestible protein
content by 10-21 %.

Biostimulant treatment of corn seeds before
sowing and plants during vegetation, under
non-irrigated conditions, provided an increase
in dry matter yield on average by 18-27%
depending on plant density variants, and feed
units by 18-28 %.

When having a plant density of 70 thousand/ha
and applying Vermystym biostimulant, the feed
unit yield was 9,6 t/ha, digestible protein content —
0,42 t/ha, and metabolizable energy — 104 GlJ.
Regoplant biostimulant was worse by these
indicators by 16 %, 7 %, and 17 %, respectively.

Irrigation provided an increase in silage yield
by 1,4-2,2 times. Thus, on average over three
years, the highest productivity of corn for silage
under irrigation was observed when having a
plant density of 90 thousand/ha without applying
biostimulants was 48,6 t/ha and when applying
biostimulants it was 59,3—64,7 t/ha. The highest
dry matter yield of 17,3—18,5 t/ha, the feed units
yield of 16,1-17,4 t/ha and digestible protein
content of 0,75-0,82 t/ha were obtained when
applying biostimulants having a plant density of
90 thousand/ha. Applying Regoplant biostimulant
provided the highest increase in silage yield by
25 % and dry matter yield by 32 %.

The effect of different factors on the
formation of corn productivity showed that
moisture conditions had the most significant
effect on the grain and dry matter yield (82,5 %
and 44,6 %, respectively). The effect of
bioregulators on grain and dry matter yield was
6,1 %, 7,0 % respectively.

Thus, the main factor affecting corn
productivity, both for grain and green mass,
in the conditions of the southern Steppe of
Ukraine is the factor of crop water supply. The
use of plant growth regulators can be considered
only as an additional means of increasing crop
productivity.
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1. Corn productivity depending on applying bioregulators under different moisture supply conditions
(average for 2016-2018)
. Yield
Yield, tha digestible
metaboli-
Plant density, . dry matter | feed units,| protein
c\g\ﬁlé?‘fislrirs)rzg) thousand/ha silage yield, zable
© grain t/ha
t/ha content,
mass
energy, GJ
t/ha
Ground fertilization Ny, (B)
30 3,1 | 14,1 4,0 3,6 0,13 39
50 29 | 243 6,6 6,0 0,24 64
70 2,6 | 29,2 7,7 7,0 0,29 75
90 2,0 | 24,6 6,2 5,5 0,23 60
Nonirricated Ground fertilization + Regoplant (B)
on-irrgate 30 47 1168 | 47 42 0,19 45
50 44 | 26,1 7,6 6,9 0,30 73
area 70 3.4 | 32,6 9,0 8,1 0,39 87
90 2,5 | 299 8,1 7,6 0,35 79
Ground fertilization + Vermystym (B)
30 44 | 18,5 5,4 4.8 0,22 52
50 4,0 | 27,8 8,1 7,4 0,31 78
70 3,0 | 36,3 10,8 9,6 0,42 104
90 24 | 337 9,2 8,3 0,39 88
Ground fertilization Ny, (B)
30 6,1 | 28,7 9,0 8,4 0,33 88
50 8,0 | 40,8 10,8 9,8 0,47 104
70 9,0 | 46,0 12,4 11,4 0,52 121
90 8,5 | 48,6 12,6 11,4 0,54 122
Ground fertilization + Regoplant (B)
30 72 | 374 12,7 11,3 0,55 122
et 50 8.6 | 44,1 12,3 11,6 0,54 121
rrigated area
70 11.2 | 57,6 16,6 15,5 0,74 164
90 10.3 | 64,7 18,5 17,4 0,82 182
Ground fertilization + Vermystym (B)
30 6,7 | 33,9 11,7 10,5 0,45 112
50 8,4 | 41,9 12,9 12,1 0,55 127
70 10,7 | 51,6 15,3 14,4 0,66 151
90 9,6 | 59,3 17,3 16,1 0,75 170
LSD;: A 0,83 | 0,56 0,23
B 0,10 | 0,30 0,09
C 0,12 | 0,23 0,06
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At the time of full grain maturity, in non-
irrigated conditions, the highest height of corn
plants was 191-205 cm when applying Vermystym
biostimulant. When having a plant density of
30 thousand pcs./ha, both the highest plant height
and other economically valuable characteristics of
corn grain yield are recorded (Table 2).

Thus, in non-irrigated conditions, when
applying Vermystym bioregulator the increase
in the grain weight per cob was 16.6-44.7%
compared to the control area. However, under
irrigation, treatment of plants with Regoplant
bioregulator increased economically valuable
characteristics more than Vermystym (Table 3).
Under these conditions, the highest plant height

03]

(248-249 cm) when treating with biostimulants
was when having a plant density of 30 thousand
pcs./ha. Under irrigation, economically valuable
characteristics also tended to decrease with
increasing a plant density of corn.

When studying the effect of growth
bioregulators and plant density on the grain
yield of the Ingulsky corn hybrid, it was found
that in non-irrigated conditions, the variant
with a plant density of 30 thousand/ha was the
most productive (3,1-4,7 t/ha) (Table 1). The
application of Regoplant growth bioregulator
provided an increase in grain yield byl,6 t/ha
(52 %), and Vermystym preparation provided an
increase in grain yield by 1,2 t/ha (38 %).

2. Main economically valuable characteristics of corn hybrids for grain depending on applying

bioregulators in non-irrigated conditions

Plant density, Plant Corn cob Number of grains | Grain weight Weight of
thousand pcs./ha | height, cm length, cm per cob, pcs of 1 cob, g | 1000 grains, g
Ground fertilization Ny,

30 200 16,0 536 123 230.0
50 200 16,0 490 105 215.0
70 187 15,6 428 94 219.2
90 180 11,7 373 78 210.0
Ground fertilization + Regoplant
30 203 19,0 582 166 284.7
50 198 17,4 570 149 262.0
70 191 16,2 435 96 220.0
90 185 14,4 358 76 212.0
Ground fertilization + Vermystym
30 205 19,6 633 158 239.2
50 201 17,4 598 152 264.3
70 194 17,0 588 135 230.7
90 191 14,5 412 91 220.0
XiSY 194 +£5 16,2+ 1,3 500+ 61 119 £21 234+ 15

3. Main economically valuable characteristics of corn hybrids for grain depending on applying

bioregulators in irrigated conditions

Plant density, P!ant Corn cob Number of Grain weight of Weight of
thousand height, lenoth. em grains per cob, 1 cob 1000 orains
pcs./ha cm engthl, pcs '8 £ '8
1 2 3 4 5 6
Ground fertilization Ny,
30 247 20,5 622 218 350.5
50 243 20,0 584 201 345.0
70 238 20,5 553 189 342.3
90 231 19,8 523 146 280.0
Ground fertilization + Regoplant
30 249 20,5 671 250 3723
50 247 20,0 632 230 364.5
70 245 21,4 601 204 339.0
90 241 18,9 584 172 295.0
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Continuation of Table 3
1 | 2 | 3 | 4 | 5 | 6
Ground fertilization + Vermystym

30 248 19,8 647 230 355.0

50 246 19,8 622 211 340.0

70 242 19,6 605 193 318.8

90 240 17,9 526 152 288.0

X+5, 243432 19,9+0,5 597,54+2,2 200+20 332+19

Improving the soil fertility for corn Conclusions.  Thus, in  non-irrigated

cultivation for grain when applying plant growth
bioregulators also provided a positive impact on
the water consumption coefficient (Fig. 1).

Thus, in non-irrigated conditions, the lowest
water consumption coefficient of 304 m®t was
recorded when applying Regoplant growth
bioregulator with a plant density of 30 thousand
pcs/ha, which increased economical use of moisture
by 34,2 % compared to the control; when applying
Vermystym it was by 28,0% respectively. In
irrigated conditions, the greatest moisture saving
was also provided by Regoplant growth bioregulator
with a water consumption coefficient of 414 m’/t
when having a plant density of 70 thousand pcs/ha
(by 17,0% less compared to the control and by
6,2 % less compared to the option when applying
Vermystym growth bioregulator).

On irrigated land, the Regoplant plant growth
regulator provided the largest yield increase of
1,9 t (by 21%) with a yield of 11,2 t/ha and a
plant density of 70 thousand/ha. Vermystym
plant growth regulator was by 6 % less effective
than Regoplant and provided the highest yield
of 10,4 t/ha having the same plant density of
70 thousand/ha.

conditions, Vermystym plant growth regulator
can be used to obtain the highest yield of feed
units of the corn green mass of 8,3 t/ha and
0,32 t/ha of digestible protein with a seeding rate
of 70 thousand/ha. In irrigated conditions, the
seeding rate should be increased to 90 thousand/ha
and Regoplant plant growth regulator can be
used to obtain the highest yield of feed units of
14,4 t/ha and 0,67 t/ha of digestible protein.

Growing the Ingulsky corn hybrid for grain
in non-irrigated conditions provided the highest
yield of 4,7 t/ha when having a plant density
of 30 thousand/ha and applying Regoplant
plant growth regulator. In irrigated conditions
increasing the plant density to 70 thousand/ha
and applying Regoplant plant growth regulator
provided the maximum yield of 11,1 t/ha.

In non-irrigated conditions, the lowest water
consumption coefficient of 304 m*/t was recorded
when applying Regoplant plant growth regulator
when having a plant density of 30 thousand/ha.
In irrigated conditions, the largest moisture saving
was also provided due to applying this plant growth
regulator having a water consumption coefficient
of 414 m*/t and a plant density of 70 thousand/ha.

Qinirrigated condtions  Win non-irrigated conditions

800 1

70047

600 1

500 17

E
400 171
300 171
200 171

10017

thousand 30 50 70 90

pl/ha Without plant
growth regulators

30 50 70 90 30 50

70 90

Regoplant Vermystym

Fig. 1. Water consumption coefficient of corn for grain depending on a plant density and effect of
bioregulators in different moisture supply conditions

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2025



AI'POPECYPCHU { 95 ’

References

1. Berdnikov, M.O., Potapenko, L.V., Skachok, L.M., & Gorbachenko, N.I. (2019). The effec-
tiveness of microbial preparations in crop cultivation technologies in the Polissya region over the
past decade. Topical issues of agricultural microbiology: materials of the All-Ukrainian scientific and
practical online conference [Efektyvnist zastosuvannya mikrobnyx preparativ u texnologiyax vyrosh-
huvannya silskogospodarskyx kultur u zoni polissya za ostannye desyatyrichchya. Aktualni pytannya
silskogospodarskoyi mikrobiologiyi : materialy Vseukrayinskoyi naukovo-praktychnoyi internet-kon-
ferenciyi] Chernigiv [in Ukrainian].

2. Vozhegova, R.A., & Zayets, S.0. (2022). Formuvannya adaptyvnyx texnologij vyroshhu-
vannya zernovyx kultur i soyi na zroshuvanyx zemlyax Pivdennogo Stepu Ukrayiny [Formation of
adaptive technologies for growing cereals and soybeans on irrigated lands of the Southern Steppe of
Ukraine]. Kyiv: Agrarian Science [in Ukrainian].

3. Vozhegova, R.A., Lavrynenko, Y.O., Kokovikhin, S.V., & Pysarenko, P.V. (2017). Innovacijni
texnologiyi vyroshhuvannya kukurudzy na zroshuvanyx zemlyax pivdnya Ukrayiny [Innovative tech-
nologies for growing corn on irrigated lands in southern Ukraine]. Kherson: Hryn D.S. Publishing
House [in Ukrainian].

4. Danilenko, Y.L. (2003). Improvement of corn cultivation technologies — the main way to
increase yields [Sovershenstvovany’e texnology’j vozdeluvany’ya kukuruzu — osnovnoj put’ povushe-
ny’ya urozhajnosty’]. Corn and sorghum, 6, 2-3 [in russian].

5. Dzyubetskyi, B.V., Pysarenko, V.A., Lavrynenko, Y.O., & Kokovikhin, S.V. (1998). Response
of the mother form of hybrid Borysfen 433 MV to irrigation regime, nitrogen nutrition and plant
density in hybridization plots [Reakciya materynskoyi formy gibrydu Borysfen 433 MV na rezhym
zroshennya, azotne zhyvlennya ta gustotu stoyannya roslyn na dilyankax gibrydyzaciyi]. Tavrian
Scientific Bulletin, 8, 32-34 [in Ukrainian].

6. Domaratsky, O.0. (2017). Biological products of the new generation of chelafit group in the
technology of growing sunflower hybrids in the south of Ukraine [Biopreparaty’ novogo pokolinnya
grupy’ xelafit u texnologiyi vyroshhuvannya gibrydiv sonyashnyku na pivdni Ukrayiny]. Tavriyskyi
naukovyi vistnyk, Iss. 98, 51-56 [in Ukrainian].

7. Zolotov, V.I. (1973). Productivity and quality of corn grain depending on sowing methods,
fertilizers and plant density [Produktyvnost y kachestvo zerna kukuruzer v zavysymosty ot sposobov
poseva, udobrenyj y gustotu stoyanyya rastenyj]. Bulletin of the All-Russian Research Institute of
Maize, Vol. 2, 9—12 [in russian].

8. Lavrinenko, U.O., & Zayec, S.O. (2016). Elementy tekhnolohiyi vyroshchuvannya kukurudzy
na pivdni Ukrayiny [Elements of Corn Growing Technology in the South of Ukraine]. Propozytcia, 6,
58-60 [in Ukrainian].

9. Lavrinenko, U.O., & Goz, O.A. (2015). Efektyvnist stymulyatoriv rostu ta mikrodobryv na
posivakh hibrydiv kukurudzy riznykh hrup styhlosti v umovakh zroshennya na pivdni Ukrayiny
[Efficiency of growth stimulators and micronutrient fertilizers on hybrids of maize hybrids of different
groups of ripeness in conditions of irrigation in the south of Ukraine]. lrrigated agriculture, 64, 15—18
[in Ukrainian].

10. Melnyk, A.V. (2013). Stan ta perspektyvy vyroshchuvannya zernovykh kultur v sviti ta
Ukrayini [Status and Prospects for Growing Cereals in the World and Ukraine]. Bulletin of the Sumy
National Agrarian University, Vol. 11 (26), 131-134 [in Ukrainian].

11. Vozhegova, R.A. (Ed.) (2014). Methods of field and laboratory research on irrigated lands
[Metodyka polovyx i laboratornyx doslidzhen na zroshuvanyx zemlyax]. Kherson: Green D.S. [in
Ukrainian].

12. Polishchuk, K. (2015). Efficiency of biological products in the system of biological farming on
reclaimed lands of Volyn Polissya [Efektyvnist biopreparativ u systemi biologichnogo zemlerobstva
na meliorovanyx zemlyax Volynskogo Polissya]. Agricultural and resource economics: international
scientific e-journal, Vol. 1, (1), 38—47 [in Ukrainian].

13. Popova, L.V. (2015). Study of the influence of growth bioregulators on the yield of winter
wheat, with different methods of their application, in the conditions of Komiternivskyi district of
Odesa region [Vyvchennya vplyvu regulyatoriv rostu na urozhajnist ozymoyi pshenyci, pry riznyx
sposobax yix zastosuvannya, v umovax Komiternivskogo rajonu Odeskoj oblasti.] Agrarian Bulletin
of the Black Sea Region. Agricultural sciences, 76, 59—64 [in Ukrainian].

14. Semenyaka, I.M. (2010). Efficiency of microbial preparations, macro- and microfertilizers
for the cultivation of split corn [Efektyvnist mikrobnyx preparativ, makro- ta mikrodobryv za

2025 « Ne 1 MEJIHOPAILA I BOOHE 'OCIIOAAPCTBO



9% AGRO RESOURCES

vyroshhuvannya rozlusnoyi kukurudzy]. Collection of scientific papers of the National Scientific
Center “Institute of Agriculture of UAAS”, Vol. 3, 84-91 [in Ukrainian].

15. Semin, S.A. (2014). Vlyanye udobrenyj i regulyatorov rosta na produktyvnost kukuruzu
[Influence of fertilisers and growth bioregulators on maize productivity]. Scientific and Production
Journal “Kormoproizvodstvo”, 25-28 [in russian].

16. Semyashkina, A.O. (2015). Produktyvnist sortiv vivsa zalezhno vid zastosuvannya biopre-
parativ za riznykh pohodnykh umov [Productivity of oat varieties depending on the use of biological
agents under different weather conditions]. /rrigated agriculture, 64, 91-95 [in Ukrainian].

17. Sidorenko, O.I., Babanin, V.V., & Morozov, O.V. (2013). Ecological and agro-meliorative
monitoring of irrigated lands: a workshop [Ekologo — agromelioratyvnyj monitory’ng zroshuvanyx
zemel: praktykum.] Kherson: Kolos [in Ukrainian].

18. Solonenko, S.V., & Chomin, V.Y. (2017) Vplyv rehulyatora rostu rehoplant na urozhaynist
ta tekhnolohichni pokaznyky yakosti nasinnya safloru krasylnoho v umovakh Pivnichnoho Stepu
Ukrayiny [Influence of the regroplant growth bioregulator on the yield and technological parameters
of the quality of the safflower seed dyed in the conditions of the Northern Steppe of Ukraine]. Taurian
scientific bulletin, 67, 1518 [in Ukrainian].

19. Tkalich, Y.I., Tsilyuryk, O.I., & Kozechko, V.I. (2017). Optimization of microfertilizers and
plant growth bioregulators application in corn crops in the Northern Steppe of Ukraine [Optymizaciya
zastosuvannya mikrodobryv ta regulyatoriv rostu roslyn u posivax kukurudzy Pivnichnogo
Stepu Ukrayiny]. Bulletin of Dnipropetrovs’k State Agrarian and Economic University, 4, 20-25
[in Ukrainian].

20. Tokmakova, L.M., & Shevchenko, L.A. (2019). The effect of Polymyxobacterin on corn
productivity under different methods of application [Vplyv Polimiksobakterynu na produktyvnist
kukurudzy za riznogo sposobu zastosuvannya]. Agroecological journal, 1, 80—84 [in Ukrainian].

21. Ushkarenko, V.O. (2014). Methodology of field experiment (irrigated agriculture) [Metody’ka
pol’ovogo doslidu (zroshuvane zemlerobstvo)] Study guide. Kherson: FOP Grin D.S. [in Ukrainian].

22. Ushkarenko, V.O., Nikishenko, V.L., Goloborodko, S.P., & Kokovikhin, S.V. (2008) Analysis
of variance and correlation in agriculture and plant growing [Dyspersijnyj 1 korelyacijnyj analiz u
zemlerobstvi ta roslynnycztvi] Study guide. Kherson: Ailant [in Ukrainian].

23. Fedorchuk, S.V. (2017). Vplyv khimichnykh preparativ, biolohichnykh i rehulyatoriv rostu
roslyn na rozvytok zbudnykiv altenaria solani ta phytophtora infestans [Influence of chemical prepa-
rations, biological and growth bioregulators of plants on the development of pathogens altenaria solani
and phytophtora infestans]. Kherson. Taurian scientific bulletin, 98, 128—133 [in Ukrainian].

24. Shatkovskyi, A.P., Zhuravlev, O.V., Melnychuk, F.S., Ovchatov, .M., & Yarosh, A.V. (2020).
Influence of irrigation methods on corn productivit [Vplyv sposobiv zroshennya na produktyvnist
kukurudzy]. Crop and soil science, 4, 34-42. DOI: https://doi.org/10.31548/arg.2020.04.034 [in
Ukrainian].

25. Shatkovskyi, A.P., Zhuravlev, O.V., & Ovchatov, .M. (2020). Irrigation regimes and water
consumption of soybeans and corn depending on irrigation methods [Rezhy’my’ zroshennya ta
vodospozhy’vannya soyi i kukurudzy’ zalezhno vid sposobiv zroshennya]. Tavrian Scientific Bulletin,
115, 262-229. DOI: https://doi.org/10.32851/2226-0099.2020.116.2.25 [in Ukrainian].

YIK 633.15:632(477.72)

BIIJINB PICT-PET'VIIOIOYUX ITPEITAPATIB HA KOPMOBY ITPOAYKTUBHICTb
KYKYPY/J3U B YMOBAX IIIBAHA YKPAIHU

IL.B. ITucapenko’, 10KT. c.-. Hayk, C.O. 3aeup?, 10KT. ¢.-I. HayK, P.M. BacuieHko®, KaH/. ¢.-I. HayK,
3.B. lllepOuHna‘ kaHa. c.-I. HAYK

! TucruryT BogHUX mpodiem i memiopauii HAAH, Kuis, Vkpaina;
https://orcid.org/0000-0002-2104-2301; e-mail: Pavel Pisarenko74(@ukr.net;

2 THCTHTYT KJIIMATHYHO OPIEHTOBAHOTO ciiibebkoro rocrnonapersa HAAH, Oneca, Vkpaina;
http://orcid.org/0000-0001-7853-7922; e-mail: szaiets5S8@gmail.com;

3 THCTHTYT KIIIMaTHYHO OPi€HTOBAHOTO Ciltbehkoro rocrnogapersa HAAH, Oneca, Ykpaina;
https://orcid.org/0009-0000-1903-4444; e-mail: ruslan-18a@ukr.net;

4 CenekLiiiHO-reHeTHYHUI 1HCTUTYT — HallioHanbHUIA LIEHTP HACIHHE3HABCTBA Ta COPTOBUBYCHHS
HAAH, Opneca, Ykpaina; https://orcid.org/0000-0002-4630-8372; e-mail: zoyasgiO9@ukr.net

LAND RECLAMATION AND WATER MANAGEMENT Ne 1 « 2025



AI'POPECYPCHU { 97 ’

Anomauia. Memoio Oocniodxcenv Oyno eusnauumu nPoOYKMUBHICHb ezﬁpudy KYKYpyo3u IHeyﬂbekuu
CepeOHbOCMURNIOLl epynu CIMUSIOCMI 3A1edHCHO 8i0 00pOOKU HACIHHA U pOCIun no eecemayii 6ioc-
mumynamopamu Pezonnanm ma Bepmucmum, a maxodxic 6naUSy 2yCMOMU CMOAHHA 30 PISHUX YMOG
360n00cenns. Memoou. Y npoyeci 6ukoHamnHa OOCHIONCEHb GUKOPUCTNOBYBANU NONbOBUN Memoo,
nabopamopHuil. ma  mMameMamuiyHo-cmamucmuyHuli.  memoou. Pesynemamu. 3powenns 3abe3ne-
yuno 30inbuents epodcaunocmi cunocnoi macu 0o 1,4-2,2 paszu. Tax, 6 cepeonvomy 3a mpu poxu,
HA 3pOouwlenHi HaubIba NpoOYKMUSHICMb KYKYPYO3U HA CUIOCHY MAcCy GIOMIuanacy 3a 2ycmomu
90 muc./2a 6e3 nioaxcusnentns oiocmumynamopamu — 48,6 m/ea ma 3 RiONCUBIEHHAM OIOCMUMYAAMOPAMU —
59,3—64,7 m/ea. Haubinbwui 360ip cyxoi pewosunu 17,3—18,5 m/ea, 6uxody KopmMosux o0OUHUyb
16,1-17,4 m/ea ma nepempaenoeo npomeiny 0,75—0,82 m/ea ompumano npu eneceHui OGioCmMuM)IA-
mopie 3a zycmomu 90 muc./ea. BcmanoeneHo, wo 3a HENOAUSHUX YMO8 HAUOLIbULA YPOXCAUHICMb
sepna cmanosuna 3,1—4,7 m/za na eapianmi 3 2ycmomoio 30 muc./2a. 3acmocysanns 6iocmumynsmopa
Pezonnanm sabesneuuno npubagxy epoosicaio 3epna na 1,6 m/ea, a npenapamy Bepmucmum 8i0nogiono na
1,2 m/ea. Bucnosxu. 3a nenonusHux ymos, 0 HatOiibuio2o uxoody 3 3e1eHoi Macu KyKypyo3u KOpMosux
oounuys 9,6 m/ea i 0,42 m/ea nepempasnozo npomeiny HeoOXiOHO 3acmoco8yeamu OIOCMUMYIAMOP
Bepmucmum 3 nopmoro euciey 70 muc./ea. Ha 3powenni eapmo 36invutyeamu Hopmy eucigy 0o 90 muc./ea
Ul euxopucmosgysamu bionpenapam Pezonnanm 3 ompumanuam Haubinbuio2o 8uxo0y KOpMoGUx 0OUHUYb
17,4 m/ea 1 0,87 m/ea nepempasnozo npomeiny. Bupowysanus 2iopudy Kykypyosu Ineyibcokuil Ha 3epHo
30 HeNOMUBHUX YMO8 3abe3neyuno Hatbiibuly epodcatinicms 4,7 m/ea iz eycmomoro cmosinus 30 muc./ea
ma 3acmocyeanns npenapamy Peconnanm. Ha 3powienni 30inviuuennss 2ycmomu CMOSHHA POCIUH OO
70 muc./2a 1l 3acmMOCY8anHs Yb020 JHC Npenapamy, 3a0e3neyye MakCUMaibHy poxcaiinicms 11,2 m/ea.

Knrwouoei cnosa: xykypyosa, 6iocmumynamopu, 2ycmoma CmosiHHsl, 3pOuleHHsl, YOOOpeH s, NPOOYKMUGHICIb
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Abstract. Dams and weirs of the reservoirs are objects of increased man-made hazard, which is due to
the high probability of catastrophic flooding of territories and destruction as a result of their breakthroughs.
The probability of technogenic accidents at reservoirs increases not only with exceeding the design operating
lifespan, but also as a result of hostilities and climate changes, which lead to changes in the hydrological
regime of surface and groundwater. According to the conducted research, it has been found out that monolithic
reinforced concrete supports of the upper slopes of dams are particularly susceptible to destruction. This is
primarily due to the destruction of temperature-deformation and structural joints of fastening structures, as
well as the manifestation of chemical and mechanical suffosion. As a result, cavities form in the base of the earth
dam body deck, which leads to subsidence and destruction of the deck, a decrease in the stability of the upper
slope, and the manifestation of filtration processes. In order to assess the technical condition of the structural
elements of the earth dam of the Krasnopavlivsk reservoir and determine the potential reserve of its operation,
field surveys were conducted, which allowed assessing the stability of both the fastening structures and the
earth dam body. The reservoir was put into operation in 1984 as a component of the hydroelectric facility of
Dnipro—Donbas canal. It ensures the uninterrupted operation of the canal, and in case of emergencies it is used
as a freshwater reservoir for water supply. The reservoir dam is made of soil. The upper slope is secured in
the lower part with a stone cape, and in the upper part with monolithic reinforced concrete slabs. The bottom
slope is secured with a layer of soil with grass seeding. To discharge the filtration water and drain it into an
open drainage collector, tubular drainage and discharge wells are arranged. The dam’s load characteristics
are typical for the most reservoir dams in Ukraine. During the surveys, a set of diagnostic methods was used,
including non-destructive examinations of the concrete cover of the upper slope reinforcement and assessment
of its strength using a Schmidt hammer, georadar studies to determine cavities in the thickness of the underlying
layer of the soil dam base under the concrete cover using a VIYS 600 georadar, as well as geodetic methods
for measuring the geometric parameters of facilities’ structures and the consequences of the destruction of
structural elements. According to the research materials, violations of the geometric parameters of the dam
were noted, as well as the presence of deformation processes in the form of the subsidence of the dam crest
in places where anomalous phenomena occurred. The effect of the destruction of the concrete cover on the
stability of the earth dam, the manifestation of the activation of filtration processes accompanied by increased
suffosion of the underlying layer of the base of the reinforcement, were noted.

Keywords: reinforced concrete reinforcement, earth dam, depression curve, surveys, non-destructive
testing methods, suffosion, technical condition

Relevance of research. Reservoirs play akey require radical restoration and technical
role in the systems of water supply, energetics, re-equipment. Among the hydraulic facilities,
and irrigation in Ukraine. earth dams have a special place, as they are the

The hydraulic facilities of reservoirs built most affected by wave and mechanical loads.
during the 60s and 70s years of XX century According to previous studies, monolithic
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reinforced concrete supports of the upper slopes
of dams are particularly susceptible to destruction.

This is primarily due to the destruction of
temperature-deformation and structural joints
of the fastening structures, as well as the mani-
festation of chemical and mechanical suffosion,
which is accompanied by the formation of
cavities in the base of the deck of the earth dam
body, leads to the subsidence and destruction
of the deck, a decrease in the stability of the
upper slope, and the manifestation of filtration
processes.

The determination and assessment of the
technical condition of facilities, the determination
of a potential reserve for their operation, is
possible by conducting field surveys, which make
it possible to fully assess the stability of both the
supporting structures and the earth dam.

During the assessment of earth dams’ technical
conditions, the following are the subjects of
inspection: structures for fastening the upper
and lower slopes; the condition of monitoring
wells for determining the filtration regime of
the facility; facilities of the drainage system; the
body of the earth dam.

To conduct field surveys of the technical
condition of earth dam facilities, the earth dam of
the Krasnopavlivsk reservoir was chosen as the
base object, which is typical in terms of loads for
almost the most reservoir dams.

Analysis of recent research. There are
1054 reservoirs and 49444 ponds, with a total
area of 2891 km? [1, 2], a complex of water
protection dams with a length of 3,8 thousand
km, 1,2 thousand km of banks reinforcement,
and over 600 pumping and compressor stations
for pumping excess water that are operated in
Ukraine [3]. Dams and weirs of the reservoirs are
the objects of increased man-made hazard, which
is due to the high probability of catastrophic
flooding of territories and destruction as a result of
their breakthroughs. The probability of man-made
accidents at reservoirs increases not only with
exceeding the design operating lifespan, but also
with the consequences of hostilities, and climate
changes. The latter leads to the changes in the
hydrological regime of surface and groundwater.
For these reasons, in Ukraine, special attention
is paid to ensuring the reliability and safety of
hydraulic facilities’ operation, both in terms of
improving the legislative regulation of the rules
for their safe operation [4, 5], monitoring the
hydrological regime of rivers and reservoirs, and
the technical condition of facilities, determining
the criteria for their stability and safety, increasing
work efficiency, improving the technical base and
methods of surveys, determining the causes of
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(9]

emergency situations, modeling and forecasting
negative consequences as a result of emergency
situations during the destruction of dams, levees,
gates, landslide processes, etc. [6, 7]. A significant
number of recent scientific studies are devoted to
the current problems of assessing the technical
condition and forecasting possible negative
consequences of the operation of individual
reservoirs, including the Krasnopavlivsk reservoir
[3, 8-10]. In [10], a program for assessing the
consequences of a hydrodynamic accident,
developed on the example of the Krasnopavlivsk
reservoir is presented.

The aim of research. Assessment of the
technical condition of the structural elements of
the earth dam of the Krasnopavlivsk reservoir.

Research methodology. The research was
carried out in accordance with the “Methodology
for conducting field surveys of earth dams and
protective dams of water management purposes”
developed at the Institute [11].

During the assessment of the technical
condition of the earth dam of the hydroelectric
facility, the following were subjects of survey:
the dam body; fastening of the upper slope at
levels from 106,5 to 112,0 m; fastening of the
lower slope; filtration regime of the facility.

A set of diagnostic methods was used, which
included:

— visual inspections of the object (photos of
damages);

— non-destructive surveys of the concrete
covering of the upper slope reinforcement (using
a Schmidt hammer);

— georadar studies to determine cavities
under concrete pavement (VIYS 600 georadar);

— instrumental measurements of geometric
parameters of facilities and the consequences
of destruction of structural elements (level,
measuring tape, gap gauge, etc.).

The position of the depression curve was
determined based on the results of groundwater
level monitoring in observation wells located on
the downstream slope of the dam.

Research results and their discussion.
The Krasnopavlivsk reservoir is located in the
Lozovsky district of the Kharkiv region and
is an important component of the water supply
system of the Donbas and the Kharkiv regions.
The situational plan and general view of the
Krasnopavlivsk reservoir are shown in Fig. 1.
The reservoir was put into operation in 1984 as
a component of the Dnipro—Donbas canal. The
total volume of the reservoir is 410 million m?,
the useful volume is 380 million m?, the length of
the coastline is 127,4 km, and the greatest width
is 2,48 km.
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Fig. 1. Krasnopavlivsk reservoir

The mirror area at normal supported level
(NSL)is 34 km?, and the catchment area is 35 km?.
The reservoir is of a canal type, located in the
valley of the Popilnya river. To accumulate the
water coming from the Kamyansk reservoir, an
earth dam of 2,2 km long and 35 m high was built
in the area of the Krasnopavlivka settlement. The
hydroelectric facility includes: an earth dam and
a water outlet (bottom, tubular). The reservoir is
characterized by seasonal flow regulation. The
reservoir ensures uninterrupted operation of the
canal, in the case of an accident, it is also used
as a freshwater reservoir for water supply to
Kharkiv, Lozova, and Pervomayisk [12].

Krasnopavlivsk Reservoir Dam. The dam
is made of soil, homogeneous loam, classified
as CC2. The base of the dam’s canal section is
made of silty loam, which is why the dam has a
flattened profile.

To improve the conditions for the consolidation
of the foundation soils and the drainage of the
dam body, a sand cushion 0,5 m thick is provided
under its bottom wedge on the left and right
bank sections, and up to 1,0 m thick on the canal
section of the dam.

Dam’s parameters are as follows: total length —
2200 m; width along the crest — 12 m; maximum
height — 35 m; crest mark — 123,5 m; maximum
design level (MDL) in the upper reaches — 120,0 m;
maximum reservoir filling volume — 410 million
m* top slope 1:3, bottom slope 1:7. A highway runs
along the crest of the dam.

The upper slope up to the 100,0 m mark is
secured with a stone cap D=150-250 mm, higher
(to the dam crest) — with monolithic reinforced
concrete slabs with a thickness from 20 cm up to
25 cm. The lower slope is secured with a layer of
soil with grass seeding.

Under the lower slope of the dam, there is a
tubular drainage designed to discharge filtration

waters and drain them into an open drainage
collector.

In the downstream part of the dam, unloading
wells and closed drainage of the right slope of the
dam are provided.

The above-mentioned engineering solutions
aimed to ensure the reliability of the hydropower
facilities were adopted after the tests with static
and dynamic loads, especially wave loads and the
tests of the impact of changes in the level regime.

Considering that the main damages of dam
structures are associated with changes in the
loads on the dam, including changes in the level
regime of filling the reservoir and its operation,
predicting the technical condition of structures is
directly related to the results of monitoring and
the need of conducting field surveys.

Field surveys of the dam’s geometric
parameters. During of the deformation processes
survey of the earth dam body, subsidence
along the crest was recorded. The condition of
the upper slope fastening was determined by
the presence of subsidence of the reinforced
concrete fastening; the condition of temperature
and deformation joints, the presence of cracks
as a result of the destruction of the cladding,
areas of destruction of the reinforced concrete
fastening, the detection of cavities under the
cladding as a result of chemical and mechanical
suffosion and, as a result, the removal of soil
particles from under its base were recorded. The
results of instrumental surveys were presented in
a form of a table according to the Methodology
for conducting field surveys of earth dams and
protective dams for water management purposes.

To assess the deformation processes occurring
in the dam body, a geodetic survey was performed.
According to the survey results, the subsidence of the
dam crest ranged from 35 cm (CP8+22—CP11+97)
to 64 cm (CP15+22—CP 21+22) (Fig. 2).
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Fig. 2. Longitudinal profiles along the axis of the dam crest in areas of subsidence

Thus, the selection of these plots for further
survey is related to the nature and magnitude of
subsidence, which became the basis for further
research in terms of geophysical diagnostics
of the technical condition of the upper slope at
elevations 106,5-112,0 m at the indicated plots.
The layout of the cross-section bases during the
diagnostics of the earth dam body along with the
results of visual inspection and vibroacoustic
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diagnostics on CP8-CP8+50 are shown in
Fig. 3, 4. In Fig. 4, the area of cavity formation
under the concrete coating is marked in red.

Geophysical studies to determine anomalous
processes along the underlying layer of the earth
dam’s concrete foundation were performed
using the VIYS5 600 Georadar instrument at
CP8-CP8+50. The probing depth can reach up to
3,5 meters.
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Fig. 3. Layout of cross-section bases during diagnostics of the earth dam body
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Fig. 4. Results of visual inspection and vib

The formation of voids under the concrete facing
of the upper slope is due to the manifestation of
suffosion processes of removal of the underlying
sand layer as a result of overmoistening due to the
pressure filtration through deformation-temperature
joints and cracks in monolithic concrete.

Based on the materials of the conducted
surveys, the areas and volumes of voids under
the concrete covering of the upper slope at the
elevations of 106.5-112.0 m of the CP§-CP10
section, and the category of destruction were
determined (Table 1).

The area of destruction according to the
above-mentioned criteria is on average:

LAND RE

roacoustic diagnostics on CP8-CP8+50

“low” — 80,85 %; “medium” — 16,28 %; “high” —
11,5 %.

Taking into account the significant size of
the object (the dam length is 2200 m), the study
of the technical condition of the upper slope
reinforcement at the marks 106,5-112,0 m
was carried out according to the following
program: visual inspections of the dam’s
technical condition; assessment of the condition
of local areas of destruction of the upper slope
reinforcement; detailed assessment of the
condition of the temperature and deformation
(structural) joints; assessment of the condition of
the concrete covering of the reinforcement.

CLAMATION AND WATER MANAGEMENT Ne 1 « 2025
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1. Volumes of voids under the concrete pavement at the plot CP8-CP10
Area, m’ Voids volume, m? Total
Plots Destruction category Destruction category volume,
Low Medium High Low Medium High m’
CP8-CP8+50 89,0 9,9 L1 2,8 1,6 0,7 5,1
CP8+50-CP9 81,5 15,7 2,8 2,6 2,5 1,8 6,9
CP9-CP9+50 70,0 23,6 6,4 2,2 3,8 4,1 10,1
CP9 +50-CP10 82,9 15,9 1,2 2,7 2,5 0,8 6,0

Diagnostics of reinforced concrete facilities
by a non-destructive method using mechanical
devices was used to determine the actual grade
of concrete in order to establish its compliance
with design solutions. The work on determining
the concrete grade was carried out in accordance
with the current regulatory and methodological
provisions [13—15].

The concrete grade was determined by a
non-destructive method using a Schmidt reference
hammer. The Schmidt hammer works on the
principle of elastic rebound, which measures the
impact impulse generated in concrete under an
applied load. This method is borrowed from the
practice of measuring the strength of metals.

Based on the research results, the concrete grade
of individual elements of the hydraulic facilities of
the Krasnopavlivsk reservoir was determined.

The strength of the concrete fastening of
the upper slope of the dam at the control points
CP8+22-CP11+97 and CP15+22-CP21+22,
according to the results of the research, is as
follows: in line 1 — 42,36 MPa; in line 2 —
4428 MPa (the concrete strength of 38,54 MPa
corresponds to class C25/30).

In accordance with the survey program,
documentary confirmation of the detected
damage to the concrete pavement was carried
out by visual inspection with photo fixation and
instrumental measurements (Fig. 5).

a — local destruction of expansion joints; b — formation of cracks; ¢ — local spalling of concrete;
d — destruction of structural joints; e — corrosion of the concrete surface; f — decompression of
temperature-deformation joints
Fig. 5. Detected damage to the concrete covering of the upper slope of the dam
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The results of the survey of the technical
conditionofthemonolithicconcretereinforcement
of the upper slope of the Krasnopavlivska dam
in the zone of marks from 106,5 to 112,0 m are
given in Table 2.

The presented research results provided an
opportunity to assess the technical condition of
monolithic concrete reinforcement and outline
technical measures to eliminate the damage.

The filtration strength of the dam body was
assessed based on research materials during the
filtration processes observation. Special attention
was paid to the position of the depression curve;
the shore connections of the earth dam and the
concrete part of the hydroelectric facilities;
concentrated filtration in the form of fistulas,

boils, springs; the presence of filtration from the
base in the low part.

Based on the position of the depression
curve, calculations on the filtration strength of
the dam body based on pressure gradients were
made.

The calculation of the effective (actual)
average head gradient J, , was performed using
the formula [16]:

J,

est.m

=H/L,

where H is the calculated pressure difference
between the upper and lower parts; L is the length
between calculation points A and B according
to the calculation scheme for the average head
gradient (Fig. 6).

2. Destruction of monolithic concrete reinforcement of the upper slope of the Krasnopavlivska dam

Survey plot 2024
NoNe Cracks Seams
From CP | To CP | Quantity, pcs. | Total length, m | Destroyed, pcs. | Total length, m

1 2 3 7 8,0 9 10,0
2 4 6 3 72,0 2 64,0
3 6 7 2 70,8 3 112,0
4 7 8 2 47,8 2 70,0
5 8 9 2 43,0 1 32,0
6 9 10 2 59,0 2 64,0
7 10 11 1 32,0 6 192,0
8 11 12 5 110,0 2 71,0
9 12 15 2 41,0 2 64,0
10 15 17 3 90,0 — —
11 17 18 1 27,0 — —
12 18 19 1 27,0 1 16,0
13 19 20 — 4 55,0
14 20 22

Total 627,6 750,0

f—
T P TS~
2]

Fig. 6. Scheme for calculating the average head gradient J,,,,

The filtration strength of the earth dam
was determined by calculating the average
head gradient J.,, on three transverse lines at
CP14+63; CP15+56; CP16+70.

The calculation of the theoretical depression
curve was performed taking into account the
mark of the lower part at the drainage gallery,

which corresponds to 90,60-90,70 m [17]. As an
example, Figure 7 shows the calculation diagram
of the position of the depression curve along the
linel (CP14+63).

The results of calculations of the theoretical
head gradient J_ ,, along the lines 1-3 are given
in Table 3.
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Cross section of the dam
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Fig. 7. Calculation scheme for determining the average pressure gradient

3. Results of the theoretical head gradient J,

st.m

calculation of Krasnopavlivska earth dam

Water level in th Average head gradient
Line number | Control point ater level In the of the dam body J ., Dam body soil
reservoir : =
theoretical | critical [6]
Line 1 CP 14+63 107,90 0,076 1,5-4,0 Loam
Line 2 CP 15+56 107,90 0,07 1,5-4,0 Loam
Line 3 CP 16+70 107,90 0,072 1,5-4,0 Loam

As can be seen from Table 3, the head gradient
of the earth dam as of September 8, 2024 is
from 0,076 (line 1) to 0,07 (line 2) — which is
significantly less than critical and indicates a safe
filtration mode of the dam.

Based on the position of the depression curve,
calculations of the actual pressure gradient were
performed.

4. Results of calculation of the actual head gradient J

Since the depression curve has a positive
and negative slope, calculations of the
actual head gradient were performed for two
components of the depression curve position
(Table 4).

Table 4 presents the results of calculations on
the actual position of the depression curve with
positive and negative slopes.

of the Krasnopavlivska earth dam

est.m

Average head gradient of the dam body
Line Control Water level in — Dam body

number point the reservoir . — actual . . critical soil

with positive | with negative 6]

slope slope

Line 1 CP 14+63 107,90 0,10 0,06 1,5-4,0 Loam
Line2 | CP15+56 107,90 0,15 0,04 1,5-4,0 Loam
Line 3 CP 16+70 107,90 0,13 0,04 1,5-4,0 Loam

As can be seen from Table 4, the values of the
head gradients of the earth dam for both positive
and negative slopes of the depression curve
indicate a safe filtration regime of the dam.

Conclusions

1. By instrumental studies we have
determined the presence of the subsidence of
the crest of the earth dam in two sections —
CP8+22-CP11+97 and CP15+22-CP21+22,
respectively, by 0,35 m and 0,64 m, which
indicates a violation of the stability of the dam
in these sections.

2. Typical destructions of reinforced concrete
covering are the destruction of temperature-
deformation joints as a result of a failure of
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wooden fillings; the presence of transverse and
longitudinal cracks in the reinforced concrete
covering as a result of a decrease in the
stability of the fastening base, which is caused
by the development of filtration processes
(mechanical suffosion) and the removal of
particles from the sand cushion (h=0,35 m);
the corrosion and local destruction of con-
crete.

3. The crack openings, the size of which
reaches up to 3,0 cm, are due to the presence
of deformation processes of the base of the
underlying layer of concrete reinforcement, as
a result of which cracks form in the concrete
coating down to a depth of up to 25 cm.
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4. The effect of the destruction of the concrete 5. The filtration strength of the earth dam has
cover on the stability of the earth dam, the activation ~ been established, which is confirmed by theoretical
of filtration processes accompanied by increased calculations of the head gradient, ranging from 0,07
suffosion of the underlying layer of the base of the  to 0,076, and the actual one from 0,04 to 0,15, which
reinforcement, were noted. is significantly less than the critical one (1,5-4,0).
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Anomayisn. ['peoni i 0amodu 6000cxosuLy 6IOHOCAMbCSL 00 00 €KMi6 NIOBUUEHOT MEeXHO2eHHOI Hebe3neKu, Wo
3YMOGNIEHO BUCOKOIO UMOGIPHICIIO KAMACMPOPiuH020 3aMOnaerHs mepumopitl i pylny6ans 6 pesyibmami
ix npopusis. UMmoGipHicCmMb MEXHOSEHHUX a8apill HA B000CX08UWAX 3POCINAE He auule i3 NepesuneHHIM
NPOEKMHUX MEPMIHI6 eKcnyamayii, ane i 6HAcIi0oK O0U0BUX Oitl Ma KAIMAMUYHUX 3MIH, WO NPU38005Mb
00 3MIHU 2IOPONOCTYHO20 PEXHCUMY NOBEPXHEBUX [ NIO3eMHUX 800. 3a OaHUMU BUKOHAHUX OOCHIOHCeHb 6CTNa-
HOBLEHO, WO OCOONUBO NIOOAIOMbCSL PYUHYEAHHIO MOHOLIMHI 3ANI300€MOHHI KPINJIEHHS 6ePX06UX VKOCI6
epebenv. Lle, y neputy uepey, nog’si3ano 3 pyuHy8aHHAM MeMNepamypHo-0epopmMayiuHux ma KOHCMpYK-
TMUBHUX WBIE KOHCMPYKYIIL KPINJIEHHA, 4 MAKOIC NPOABOM XIMIUHOI ma mexaniunoi cyghosii. B pezynomami
8i00y8aEMbCA POPMYBAHHAM NOPOHNCHUH 8 OCHOBI KPINJEHHSA Mia epYHMOB0I epedii, o npu3eo0ums 0o
npociOanHs ma pyuny8anHs KpinieHHs, 3MeHUleHHs CMILIKOCMI 6epx08020 YKOCY md NposieHHs Qinb-
mpayiinux npoyecie. 3 Memoio oyiHKy MexHiuHO20 CIMAHY KOHCIMPYKIMUGHUX elleMeHmi6 epyHmogoi epebii
Kpacnonasniecbko2o 6o0ocxosuwia i cmanognenns nomenyitino2o pezepgy ii ekcniyamayii 6yau npose-
O€HI HAMYpPHI 0OCMEMNCeHH s, WO O0360NUNU OYIHUMU CINTUKICMb K KOHCMPYKYIll KPINAeHHs, mak i miia
epyHmogoi epebni. Booocxosuwe ésedene 6 excnayamayio y 1984 p, ax ckradosa uacmuna 2ioposysna
xauany [uinpo—/lonbac. Bono 3abesneuye besnepebitiny podbomy Kanany, ay 6unaoxy deapitiHux cumyayii
BUKOPUCTNOBYEMBCSL AIK pe3epsyap npicHoi 600u 0ns odonocmauants. I pedns godocxosuwa spynmosa.
Bepxosuil yxic y HudicHiti yacmuni 3akpinjieHutl Kam sHumM HaKuOOM, ) 6ePXHIU — MOHOLIMHUMU 3a1i300e-
moHHumMy naumamu. Huzoeuil yKic 3axkpinienuti wapom ipynmy i3 nocieom mpas. [na po3sanmaxicenms
Qinempayitinux 600 ma 6i08e0eHHs iX Y GIOKpUMULL OPEHANCHUL KOEKMOp 6LAWMOBAHO mpyouamuil
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OpeHadc ma po3eaHmadicysanvhi ceeponosunu. I pedns 6 uacmuni HABAHMAICEHb € XAPAKMEPHOIO OJis
oinvuocmi epebenv 800ocxosuwy Ykpainu. B x00i eukonanHs 00caiodicensb 010 GUKOPUCAHO KOMNIEKC
0Ia2HOCMUYHUX MemOo0i8 GUIHAYUEHHS , WO BKIIOYANU HePYUHIBHI 0OCmediceHHsT GEMONH020 NOKPUMMIA
KPINJeHHs 8epX08020 YKOCY I OYIHKY 1020 MIyHOCMI i3 3acmocysanuam moromia [lImioma, eeopadapmi
00CniOdCen s 3 GUHAUEHHSI NOPOJUCHUH Y MOBW NIOCMUNAIOY020 WAPY OCHOBU IPYHMOBOI 2pebni nio
OemonHUM NOKpUMmsM 3 euxopucmanusm eeopadapa VIYS 600, a makoc 2eode3uuni memoou 6umi-
PIOBANHS 2e0MEeMPUYHUX NAPAMEMPI8 KOHCMPYKYILl Cnopyo ma HACHIOKI6 PYIUHYBAHHS KOHCMPYKMUGHUX
enemenmie. 3a mamepianamu 00CRIONCEHb BIOMIYEHO NOPYUWIEHHS 2eOMEMPUYHUX Napamempie epeoii,
HaseHicmb deopmayilinux npoyecié 8 4acmuHi NpociOaHHs epebeHs epedii 8 MICYsx NPOXOONCEHHS
AHOMANLHUX A6UWY. Biomiueno 6niue pyiiHysants 6emoHH020 NOKpUmMmsL Ha CMIUKICmy IPYHmMo8oi epedii,
NpOsAGIeHHA aKmusizayii inempayitiHux npoyecis iz cynpoootceHHAM niosuujenoi cyghosii niocmunaro-
4020 Wapy OCHOBU KPINJLEHHSL.

Knrouosi cnosa: sanizobemonne Kpinienus, 3eMIsana epeons, Kpuea oenpecii, HamypHi OOCTIONCEHHS,
HePYUHIGHI Memoou KOHMPOI0, CYPo3is, mexHiuHuil Cman
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Abstract. Monitoring the technical condition of hydraulic facilities is crucial for ensuring their safe
operation. This process usually involves monitoring environmental variables (e.g., concrete dam levels,
temperature, piezometer readings), as well as geometric and physical variables (deformation, cracking,
filtration, pore pressure, etc.), the long-term trends of which provide valuable information for facility
managers. Research of the methods for analyzing geodetic monitoring data (manual and automatic) and
sensor data is vital for assessing the technical condition and safety of facilities, especially when applying
new measurement technologies. The age of hydraulic structures in Ukraine is 50—-60 years and more,
and their technical condition has deteriorated due to long-term operation. Their technical capabilities
and reliability have decreased due to improper maintenance. In addition, insufficient consideration of
environmental factors during operation has contributed to a decrease in the reliability of these structures.

Most reservoirs and hydroelectric power plants were built in the mid-20th century and have
been under constant operation. Due to significant operational life, negative changes often occur in
their technical condition. Atmospheric, chemical, and other aggressive factors also contribute to the
destruction of hydraulic facilities and their elements in water. This can lead to serious damage to
both the facilities and the elements of hydraulic systems dependent on them. An additional negative
impact factor on the condition of hydraulic facilities in Ukraine is missile and drone shelling and
other damage as a result of military operations. Therefore, there is a need to develop a device that
can be used when monitoring relative static and variable deformation, plasticity, and creep of samples
from various elements of engineering structures, materials, elements, and assemblies in hydraulic
engineering, construction, and industry.

Keywords: deformation, hydraulic facilities, engineering structures, strain sensor, measuring device

Relevance of the research. The factor are tools that significantly improve the work of

influencing the environment is the technical
condition of the hydraulic facility. Maintaining
the structure in proper condition is an important
aspect. It ensures the safety of the territories
adjacent to the hydraulic facility. Maintaining
the facility properly also eliminates the risk
of environmental disaster and river pollution.
Many existing hydraulic facilities are old, and
their planned service life has exceeded [1-3]. It
often happens that in cases of visible damage to
the structure or its modifications, it is necessary
to re-determine the static dimensions of the
structure and calculate the necessary stability.
To effectively detect damage, it is important to
conduct a regular assessment of the technical
condition of hydraulic facilities [4-6]. This
is necessary for the proper functioning of the
structure. Methods for assessing the technical
condition developed by scientists using visual
analysis and field measurements, as well as the
latest technology, in particular laser scanning,

© Onanko Y.A., 2025
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specialists in the hydraulic field [7-9].

Deformations of soil foundations of hyd-
raulic facilities, as a possible factor influencing
the deformation processes of elements of
engineering structures of hydraulic facilities,
depend both on changes in volume (as a result
of compaction, swelling, etc.), and on the
deformation of individual soil phases (soil
skeleton drift, of pore water compression, as
well as inclusions of vapors and gases) [5—8]. An
important influencing factor is the difference in
the mechanical properties of the soil at different
positions of the sample during the study, or the
so-called mechanical anisotropy (for example,
deformation anisotropy, strength anisotropy,
swelling anisotropy), and sometimes the
difference in filtration properties, or filtration
anisotropy. The anisotropy of mechanical
soil properties is explained by their ordered
structure with a preferential parallel orientation
of particles in a certain direction [2—4].
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Analysis of recent research and
publications. There are known devices for
measuring deformations of structural elements
[10-12] containing a strain gauge beam, which
in turn contains a curved strain gauge element
with support legs. To increase the reliability
of the device, it has two permanent magnets,
one of which is a groove. One reference line of
the strain-element is rigidly fixed to one of the
magnets and the other is freely mounted in the
groove of another magnet and it has a base with
lateral racks and a platform for mounting the
racks, installed on the structure. Tensometric
sensors are installed in the deformation areas of
the base and racks [13].

The disadvantages of known devices are that
they can only be used on laboratory samples,
which are significantly different from the design
in the defective structure, the low accuracy of
measurement of relative deformation ¢, and a
limited class of the studied materials. The nearest
analogue is a measurement device containing
curvilinear strain-element with reference lines
[14-17]. When deforming the sample the distance
between the magnets changes, which leads to
deformation of the strain-element, which is fixed
by a measuring device [18-21]. The weakness
of this device is the low accuracy of measuring
relative deformation due to the small distance
between the reference magnetic lines, as well as
the limited class of studied materials.

Purpose of the research is to increase the
sensitivity and reliability of measuring the

. . . . Al
relative static and variable deformation € :l_ ,

0
plasticity, creep azéé of the samples of
t

the studied materials and the possibility of
studying these processes in various elements
of engineering structures directly during their
operation after shelling with missiles, shells,
and drones; expanding the class of engineering
structures that are tested after deformations &
occurred as a result of military operations.

Materials and methods of the research.
Field and laboratory experimental studies of
monitoring deformations of structural elements of
hydraulic facilities were carried out when using a
developed device for measuring deformation € of
engineering structure elements.

Results of the research and their
discussion. The goal is achieved by the fact
that the proposed device has a strain element —
an elastically curved strip with a strain sensor
on it, which is connected to the electrical
signal registration and recording system. The
elastically curved strip is glued (welded) to an
engineering structure element.

The design and operation of the device is
explained by the drawing in Fig. 1 and Fig. 2. The
design of the developed device is shown in Fig. 1.
The device consists of an elastically curved strip,
with a strain sensor on it, which is connected to
the electrical signal registration and recording
system. The elastically curved strip is glued
(welded) to an engineering structure element.

Fig. 1. Design of a device for measuring the deformation of engineering structure elements:

1 — engineering structure element, 2 — elastic bent strip, 3 — strain sensor, 4 — electrical signal registration
and recording system
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Fig. 2. Diagram of the dependence of an engineering structure element deformation g(A,) on the
camber of arch A, of an elastic bent strip

Fig. 2 shows a diagram of the dependence
of the deformation of an engineering structure
element &(A,,) on the camber of arch A, of an elastic
bent strip. Deformation readings are obtained
by a graphing measuring device, to which an
electrical signal from a strain gauge is supplied.

The device works as follows. An elastic bent
strip with a strain sensor on it is glued (welded)
to the engineering structure element. A variable
o(f) or constant ¢, deformation stress is applied
to the engineering structure element, which leads
to a change in the length A/ of the engineering
structure element, and, consequently, the camber
of arch A, of the elastic bent strip. The magnitude
of this bent A, is converted into an electrical
signal by means of the strain sensor and recorded
by a measuring device, a graph plotter.

The relationship between the relative static

Al
deformation €= m of the engineering structure
0
element and the camber of arch A, of the elastic
bent strip is described by the Chebyshev formula
for a tensioning catenary [22-25]:

Al 8 A -\
I, 3 IR
where /; is the initial length of the engineering
structure element, A/ is the change in the length of
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the engineering structure element, A, is the initial
length of the camber of arch of the elastic bent
strip, A, is the camber of arch of the elastic bent
strip with the changed length of the engineering
structure element.

Thus, the proposed system of features provides
the possibility of high-precision measurement of
both plastic and elastic deformations & based on
the quadratic dependence Al ~A’ between the
relative change in the length of the engineering
structure element A/ and the and the camber of
arch A, of the elastic bent strip glued (welded)
to this element. The measurement of the values
of the camber of arch , is made when using a
strain sensor mounted on the specified strip. The
proposed approach allows achieving a relative
accuracy of deformation measurement at the

A
level is —=~10". The highest sensitivity of the
€

device is achieved when the cambers of arch of

the elastic strip are small % =107 +107,
0
Conclusions. The task of creating a device
for measuring the deformation ¢ of engineering
structural elements was completed. The technical
and economic advantages of the device over
the most progressive similar technical ones are
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in simplifying the design and reducing the cost of the deformation of an engineering structural
of devices implementing the proposed method. element twice (elastic deformations & with an
They make it possible to perform a periodic
automatic, rather than continuous, control of

the deformation & of an engineering structural  class of tested engineering structural elements,
element, increase the accuracy of measurements  including non-magnetic ones.

A
accuracy of 28 2107 as well as expand the
€
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Anomauia. Konmpono 3a mexHiuHum cmanom 2i0pOmMexHiuHUx cnopyo Mae eupiuiaivHe 3HauyeHHs OJis
3abesneuenns ix besneunoi excnayamayii. Leil npoyec 3a36uuail 6KIIOYAE BIOCMENCEHHS 3MIHHUX HABKO-
JUWHBO20 cepedosuua (Hanpuxaao, pieui OGemoHHoi dambu, memnepamypu, NOKA3AHHL N’ €30Mempis),
a maxodic 2eomempudHux i QizuuHuUX 3MiHHUX (Oeghopmayis, po3smpicKyeauHs, Qitbmpayis, noposul
MUCK MOWo), 00820CMPOKOET MEHOEHYIl AKUX HA0Aomb YIHHY THDopmayito 0aa mMeHnedxcepie 00 exkmis.
Jocnioscenns memooie ananizy 0aHuUx 2e00e3utHo20 MOHIMOpUH2Y (PYUHO2O0 Ma asmomMamuiHo2o) ma
OaHUX OAMYUKIB € JHCUMMEBO HEOOXIOHUMU Ol OYIHKU MEXHIYHO20 cmaHny ma be3nexu 06’ ckmis, 0coo-
JUB0 NPU 3ACMOCYBAHHI HOBUX MeXHONO0RIU eumiptosannsa. Bik ciopomexniunux cnopyo 6 Yxpaini cmano-
sumv 50—60 poxis i 6inbute, a ix mexHiUHUL CMAaH NOSIPUWUBCS Yepe3 MPUBATY eKCRIyamayiro. Ix mexuiuni
MOCIUBOCMI Ma HAOIIHICMb 3HUSUTUCA Yepe3 HeHanedcHe obcayeosysannsa. Kpim mozo, nedocmamus
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yeaza 00 akmopie 308HIWHb020 cepedosuya Ni0 4ac eKCNIyamayii CRpusia 3HUNCeHHIO HAOIUHOCMI
YUX KOHCMPYKYILL.

Binvwicms 6odocxosuwy i eiopoerekmpocmanyiti 6yau nodyoosawi 6 cepeduni 20 cmonimms i 3 mux nip
NOCMIUHO BUKOPUCMOBYIOMbCA. Yepes 6iK 6 iX mexHIuHOMY Cmawi 4acmo 8i00Y8aUCs He2amueHi 3MiHU.
Ammocepni, Ximiuni ma azpecusHi paxmopu maxoxc CHpUAIOmMs pYUHYSaAHHIO 2i0pOMeEXHIYHUX CNOPYO ma
ix enemenmis y 600i. e mooice npuzeecmu 00 CepUuo3HUX NOULKOONCEHb SIK CAMUX CROPYO, MAK I 3A1EeANCHUX
810 HUX elleMeHmig 2I0pomexHiuHux cucmem. Jo0amxosum hakmopom He2amugHo2o 6NIU8Y HAd CIAH 2i0po-
MeXHIYHUX cnopyo 8 Yxpaini cmanu obcmpinu pakemami, CHApsOamu, OPOHAMU MA THULT YULKOOICEHHS.
00epacani 8HACIIO0K BOEHHUX Oill. Tomy uHuKaia nompeda 8 po3podoyi npucmpor, wo Modxce OYmu GUKo-
pucmaHuil npu QOCHIOHNCEHHI BIOHOCHOI CMAMUYHOI ma 3MiHHOI deghopmayii, niacmuyHocmi, no83y4ocmi
3PA3KI6 3 PIZHUX eleMeHMI8 [HJUCEHEePHUX KOHCMPYKYIL, Mamepianie, elemMeHmis, y3iie )y 2iopomexHiyi,
0y0i6HUYMBI, NPOMUCTIOB0CL.

Knrouosi crosa: oegpopmayis, ciopomexuiuni cnopyou, tHiceHepHi KOHCmMpPYKYii, meH300amuux, npucmpiil
0715 BUMIDHOBAHHS
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